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ABSTRACT 
 
There is good reason to believe that the properties of semiconducting metal oxides for 
catalytic and integrated circuit applications can be improved when designed according to the 
principles of microelectronic devices.  Defect engineering is used extensively in the 
semiconductor processing industry to produce devices with well-defined physical properties 
(e.g., electrical conductivity, switching frequency, power consumption).  Polycrystalline 
TiO2 is an attractive material for supported metal catalyst, photocatalyst, memory resistor, 
and spin-based transistor devices due to its photostability, low cost, and non-toxicity.  
Nevertheless, methods for characterization and manipulation of carrier concentration, near-
surface and near-interface electric fields, and magnetic ordering are lacking. 
The present work employs ALD as a film synthesis technique to allow precise control 
over TiO2 microstructure, crystallinity, and composition.  It outlines the application of a 
sound metrological method for the evaluation of charge carrier concentration to metal oxide 
semiconductors not amenable to standard characterization techniques such as four-point-
probe or Hall effect.  This science base permits elucidation of complex defect behavior in 
polycrystalline TiO2, a system comprising native defects such as oxygen vacancies and 
titanium interstitials as well as grain boundaries and voids, all of which may be electrically 
active.  An emphasis is placed on manipulating these defects to affect charge carrier 
concentration and decoupling trends observed in the literature as a function of film thickness, 
illumination, and synthesis method.  Subsequently, doping is investigated with an aim at 
precisely controlling carrier concentration by judicious selection of n-type (Cr, Nb) and p-
type (Mn) transition metal species.  For the case of undoped TiO2, photoreflectance, a type of 
modulation spectroscopy, is invoked to examine the degree of fixed charge buildup at buried 
 iii 
solid-solid interfaces in metal oxide thin film structures.  Lastly, since the method of in-situ 
doping during ALD is unique in its ability to allow for decoupling of microstructure, defect 
composition, and doping level, the suitability of Mn-TiO2 deposited in this fashion for novel 
integrated circuit devices is highlighted. 
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Chapter 1: Introduction 
 
1.1 Motivation and challenges 
There is good reason to believe that the properties of semiconducting metal oxides for 
catalytic and integrated circuit applications can be improved when designed according to the 
principles of microelectronic devices.  Defect engineering is used extensively in the 
semiconductor processing industry to produce devices with well-defined physical properties 
(e.g., electrical conductivity, switching frequency, power consumption) [1, 2, 3].  For 
example, it is possible to change the electronic band structure of a material by eliminating or 
compensating charged native defects in the bulk and then inserting substitutional defects in 
the form of charged dopant atoms.  Since semiconductors support space charge, surface 
electronic properties can also couple to bulk electronic properties.  This type of bulk-surface 
coupling has been demonstrated in the Seebauer laboratory in the context of dopant ion 
implantation for transistor fabrication [4, 5].   
Polycrystalline TiO2 is an attractive material for supported metal catalyst, 
photocatalyst, memory resistor, and spin-based transistor devices due to its photostability, 
low cost, and non-toxicity.  Nevertheless, researchers tend to gloss over the fundamental 
aspects of charge transfer, surface band bending, and magnetic ordering governing the 
performance of these systems.   
In as-grown, undoped TiO2, oxygen vacancies (VO) and/or titanium interstitials (Tii) 
introduce large concentrations of shallow donor levels that result in n-type conduction at 
standard temperatures and pressures [6].  Control and manipulation of defects in single 
crystal TiO2, the lattice structure of which is shown in Fig. 1.1(a), has been demonstrated via 
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mechanisms such as surface-bulk coupling and photostimulation [7].  Polycrystalline TiO2 is 
a more complicated system due to the presence of grain boundaries that can alter the 
electrical properties of the film and serve as traps for charge carriers (see Fig. 1.1(b)).  
Similar intricacies were encountered optimizing polycrystalline Si for solar cell and 
integrated circuit applications [8, 9].  Since polycrystalline semiconductors contain defects 
caused by incomplete bonding between adjacent crystallites, disordered material in the 
boundary region results in trapping states, space charge regions, and local potential barriers 
[10, 11].  The extent to which these factors influence a particular semiconductor depends on 
crystallite size, preparation method, and the resulting intergrain properties.   
In direct contrast to the way in which silicon is precisely doped for integrated circuit 
applications in order to optimize device performance, there is little nuanced understanding of 
the correlation between TiO2 charge carrier concentration, doping type and level, 
surface/interface electronic properties, and the operation of TiO2-based catalysts and 
microelectronics components.  Strategies for successful defect engineering of polycrystalline 
TiO2 are critical to improving the commercial viability and utility of this unique and 
interesting material. 
 
1.2 Applications of defect engineered TiO2 
1.2.1 Supported metal catalysis 
Defect engineering can be employed to improve the design of supported metal 
catalysts.  It is well known that catalysts are influenced by support properties [12, 13].  
Numerous reports of qualitative enhancement of reaction rate and yield on TiO2-supported 
metals exist in the literature.  For instance, TiO2-supported Pt exhibits activity that varies 
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with doping for benzene and ethylacetate oxidation [14].  Pt on cerium-modified TiO2 
exhibits enhancement of activity and stability for the water-gas shift reaction over CeO2- or 
TiO2-supported Pt alone [15].  These behaviors arise due to the so-called “Schwab effect,” 
the phenomenon wherein a metal support changes the properties of an overlying oxide 
semiconductor catalyst or, conversely, an oxide semiconductor support affects an overlying 
metal catalyst [16].  In both cases, charge transfer occurs between the metal and the 
semiconductor, leading to a modification of the catalyst surface charge density and hence its 
catalytic activity.  These concepts are depicted schematically in Fig. 1.2, which illustrates 
how Pt metal activity can alter a reaction such as water-splitting and the manner in which 
bulk doping level might change surface electron density. 
 
1.2.2 Photocatalysis 
TiO2 has been investigated extensively as a photocatalyst due to its wide band gap 
and charge carrier trapping dynamics [17, 18].  For such applications, it is necessary to 
control electric fields near the surface of the semiconductor in order to manipulate the flow 
of photogenerated charge carriers.  When photons of sufficient energy strike a photocatalyst, 
carriers are excited into the conduction band leading to electron/electron-hole pair separation.  
As additional free electrons are driven to the surface of the semiconductor, they are able 
participate in chemical reactions.  The direction and magnitude of the near-surface electric 
field within the space charge region can be adjusted by bulk doping which, in turn, affects the 
flow of photogenerated charge carriers toward the surface.  This is depicted schematically in 
Fig. 1.3, where bulk doping type is seen to affect the direction of the electric field ε; for n-
type TiO2, ε points towards the surface, while for p-type TiO2, ε points into the bulk. 
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1.2.3 Novel integrated circuit devices 
TiO2 is one of the more attractive material options for next-generation non-volatile 
memory.  Current charge-based memories will soon be prohibitive at the length scales 
targeted by integrated circuit manufacturers.  Also, a fundamental minimum energy (and 
amount of time) is required to switch a charge-based device on and off.  An ideal, non-
charge-based alternative will be not only denser and faster, but also less energy-consuming.  
TiO2 has been studied in the context of two novel devices which will be discussed in 
additional detail: memory resistors and spin transport based transistors. 
Since the 1970s, the existence of a fundamental, two-terminal circuit element 
complementary to the resistor, conductor, and capacitor has been postulated.  The missing 
memory resistor (or memristor) was found in 2008 by physicists at HP Labs [19].  
Conceptually, it is a two-terminal device whose resistance depends on the magnitude and 
polarity of the voltage applied to it and the length of time that the voltage has been applied 
[20].  Functioning devices have been fabricated as multi-layer stacks incorporating Si, SiO2, 
Pt, and TiO2 (Fig. 1.4(a)).  Understanding the physical mechanism behind the fast resistive 
switching in TiO2-based memristors is critical to device optimization.  Preliminary studies 
suggest close coupling between the built-in electric field at the TiO2-Pt interface and 
memristor switching speed [21]. 
Spintronics, or “spin transport electronics,” is a solid-state device technology that 
exploits not only the fundamental electronic charge of an electron, but also its intrinsic spin 
and associated magnetic moment [22].  Candidate materials are primarily diluted magnetic 
semiconductors, nonmagnetic semiconductors such as TiO2, ZnO, etc. modified by the 
addition of small atomic percentages of transition metal (TM) dopants, that exhibit room 
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temperature ferromagnetism (RTFM).  Indeed, RTFM has been reported for TiO2 doped with 
Cr [23], Mn [24], as well as other TM elements.  The relative importance of intrinsic versus 
extrinsic ferromagnetism (Fig. 1.4(b)) in TM-doped TiO2 is still under investigation.  Native 
point defects, grain boundaries, and dislocations play a key role, however.  Upon Mn doping, 
in particular, the close coupling between ferromagnetism, film preparation conditions, and 
microstructure suggests opportunity for further optimization and control of TiO2 magnetic 
properties via a precision synthesis method. 
 
1.3 Atomic layer deposition for thin film synthesis 
Atomic layer deposition (ALD), a pulsed-precursor vapor phase deposition method 
related to chemical vapor deposition (CVD), is an attractive technique for the fabrication of 
thin films with precise thickness and compositional control on large-area substrates.  The 
self-limiting nature of the technique affords precise layer-by-layer deposition, typically 
accomplished by alternating pulses of precursor and oxidant comprising a single ALD 
“cycle” (Fig. 1.5(a) through (d)).  The thickness and surface smoothness of the resulting film 
can be tuned by adjusting pulse and purge times, as well as other deposition parameters. 
Undoped TiO2 synthesized by ALD has been studied extensively [25, 26]; relatively 
little is known about the microstructure and electrical characteristics of doped TiO2 
synthesized by ALD, however.   In comparison to alternative film synthesis methods, ALD 
avoids the complications related to solvent/byproduct removal and calcination-induced 
shrinkage [27] encountered with sol-gel processing and dip coating.  Other deposition 
techniques such as pulsed laser deposition (PLD) and plasma-assisted molecular beam 
deposition (PAMBE) used to deposit TiO2 thin films are less suited to the high throughput 
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requirements of commercial manufacturing.  In addition, PLD can result in high particulate 
composition and uneven coverage, while PAMBE films suffer from thickness-dependent 
morphologies.  ALD avoids such problems.    
 
1.4 Significance of the present work for defect engineering of TiO2 
The present work employs ALD as a film synthesis method to allow precise control 
over film microstructure, crystallinity, and composition.  ALD is preferred over CVD due to 
enhanced conformal coverage and film quality.  The chemistry of TiO2 synthesis using TTIP 
as an ALD precursor is well-known: slow, controllable deposition is achievable at moderate 
temperatures.  The addition of an oxidant such as H2O speeds the rate of TiO2 deposition and 
reduces the amount of organic contamination in the bulk to near-negligible levels.  The way 
in which ALD allows for modular switching of specific gaseous, liquid, and solid dopant 
precursors is also advantageous.  For example, early studies of candidate metalorganics for n- 
and p-type doping suggested that (Nb(OCH2CH3)5 permitted successful Nb doping while 
NbCl5 did not [28]. 
This thesis outlines the application of a sound metrological method for the evaluation 
of charge carrier concentration to metal oxide semiconductors not amenable to standard 
characterization techniques such as four-point-probe or Hall effect.  This science base 
permits elucidation of complex defect behavior in polycrystalline TiO2, a system comprising 
native defects such as oxygen vacancies and titanium interstitials as well as grain boundaries 
and voids, all of which may be electrically active.  An emphasis is placed on manipulating 
these defects to affect charge carrier concentration and decoupling trends observed in the 
literature as a function of film thickness, illumination, and synthesis method.  Subsequently, 
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doping is investigated with an aim at precisely controlling carrier concentration by judicious 
selection of n-type (Cr, Nb) and p-type (Mn) transition metal species.  For the case of 
undoped TiO2, photoreflectance, a type of modulation spectroscopy, is invoked to examine 
surface and interface charge transfer and band bending.  Lastly, since the method of in-situ 
doping during ALD is unique in its ability to allow for decoupling of microstructure, defect 
composition, and doping level, the suitability of Mn-TiO2 deposited in this fashion for novel 
integrated circuit devices is highlighted. 
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Fig. 1.3 Electronic band diagrams showing electron (n-type) and electron-hole (p-type) 
accumulation near a solid-gas interface and the resulting change in built-in electric field. 
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Fig. 1.5 Schematic depicting sequence of exposure and purge steps comprising a single ALD 
cycle.  For the case of TiO2, common precursors include Ti(OCH(CH3)2)4 and TiCl4; H2O 
and H2O2 are used extensively as oxidants. 
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Chapter 2: Methods for Atomic Layer Deposition and Electrical 
Characterization of Polycrystalline TiO2* 
 
2.1 Introduction 
Attempts to characterize and manipulate the electronic properties of polycrystalline 
TiO2 are confounded by the accuracy of the available metrology tools for measuring carrier 
concentration. Commonly used methods such as four-point-probe or Hall effect 
measurements require ohmic contacts to the oxides, yet real contacts to wide-bandgap 
semiconductors usually create Schottky barriers that act like diodes.  Both problems probably 
contribute to the wide variance of n-type carrier concentrations (Nd) found in the literature in 
the case of anatase TiO2, ranging from approximately 1 x 1016 cm-3 to 1 x 1020 cm-3 [1, 2].  
Such variations complicate attempts to perform defect engineering in TiO2 [3]. 
This study highlights a metrology technique – in particular, the use of “Schottky 
diode” test structures for determining the carrier concentrations of anatase TiO2 thin films 
synthesized by atomic layer deposition (ALD) based upon capacitance-voltage (C-V) 
measurements [4].  Related studies have been reported elsewhere for anatase TiO2 deposited 
using alternative methods, as well as other metal oxides such as ZnO [5], but vital electrical 
characteristics of the diode structures are not always described or characterized adequately.  
In some instances, necessary current-voltage (I-V) data are not shown [6] or even collected 
[2, 7].  Sometimes both I-V and C-V data are missing [8], which is problematic for such 
nontrivial measurements.  Similar problems afflict literature for single crystal rutile TiO2 [9, 
10].   
 
* Part of this work has been published: M.C.K. Sellers and E.G. Seebauer, "Measurement method for carrier 
concentration in TiO2 via the Mott-Schottky approach," Thin Solid Films 519, 2103-2110 (2011). 
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The evaluation of metal oxide carrier concentration in this manner is an attractive 
alternative to conventional four-point-probe or Hall effect measurements for several reasons.  
Given the 3.9 eV work function of TiO2 [11], a characterization method that precludes 
forming an Ohmic contact to the TiO2 surface is preferable.  Additionally, Ohmic contact 
recipes that entail an annealing step (e.g., Al to n-type Si wherein the Al-Si eutectic region 
formed under the Al contact is critical) are out of the question, since high-temperature 
processing irreversibly alters the stoichiometry and thus carrier concentration of metal 
oxides.  Lastly, the C-V method circumvents the need to form multiple contacts to the 
semiconductor surface.  The cloverleaf, square, or rectangular four contact geometries 
necessary for Hall effect measurements may be restrictive with respect to sample size or 
preparation method.  Since these geometries assume a laterally homogeneous metal oxide 
film, it is also not possible to probe spatial variations in carrier concentration as a result of 
gradients in thickness or doping level. 
There is no single “correct” carrier concentration for undoped polycrystalline TiO2 
due to the fact that native defects including charged oxygen vacancies and titanium 
interstitials influence the concentration of electronic charge carriers in the bulk depending on 
their degree of ionization [3].  That being said, metrology inaccuracies certainly contribute to 
the broad range of donor carrier concentration values found in the literature for undoped 
anatase TiO2.  As seen in Table 2.1, the numbers range over four orders of magnitude.  The 
synthesis and metrology methods vary considerably among these reports, so it is difficult to 
immediately ascribe the wide range of results to either factor.  Film crystallinity (anatase 
versus rutile) has no obvious correspondence with Nd.  Films thicker than ~250 nm account 
for the majority of carrier concentration values in the 1018 – 1019 cm-3 range.   
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A rigorous and accurate metrology protocol for determination of Nd is needed in order 
to decouple legitimate versus spurious contributions to bulk carrier concentration.  For 
instance, surprisingly large values of Nd may be explained by the fact that Nd,measured > Nd,actual 
for diode structures with large series resistance Rs.  Failure to evaluate and/or ensure that Rs 
is below a certain threshold (depending on measurement frequency) will result in 
overestimation of TiO2 carrier concentration.  Electrochemical measurements require an 
ohmic contact be formed to the TiO2 “working electrode” (although it is critical for the 
aqueous solution to act as the Schottky junction with the semiconductor) [12].  It is not 
always clear if an ohmic contact has been applied to the TiO2 film [1] or if the chosen contact 
(e.g., silver paste and copper wire [13]) exhibits linear I-V behavior.  Similarly, Nd values on 
the order of 1018 to 1019 cm-3 for films evaluated using Hall effect measurements may suffer 
from inaccuracies due to formation of Schottky versus ohmic contact between the probe and 
the semiconducting metal oxide.  If a rectifying barrier arises at a Hall electrode, the 
experimentally determined Hall voltage that is manipulated to obtain Nd will include 
contributions from additional, unwanted floating potentials that can lead to overestimation of 
carrier concentration [14].   
The present work outlines a rigorous methodology for the determination of free 
carrier concentration for metal oxide semiconductors such as TiO2 that are not amenable to 
standard metrology protocols.  Thorough “device-like” characterization of TiO2 Schottky 
diodes is carried out to justify the subsequent extraction of carrier concentration values from 
capacitance-voltage (C-V) measurements using the Mott-Schottky approach.  The influence 
of factors such as substrate type, contact metal type, and surface and interface preparation are 
examined.   
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2.2 Methods and procedures 
2.2.1 Atomic layer deposition of TiO2 
Thin film polycrystalline anatase TiO2 was synthesized by ALD in a 3L stainless steel 
vacuum chamber evacuated with a mechanical pump to a base pressure of about 50 mTorr.   
The substrates were mounted on a resistively heated chuck whose temperature was 
maintained at 200°C during deposition and monitored with a chromel-alumel (type K) 
thermocouple.  For reference, the chuck is capable of depositing at temperatures up to about 
450°C.  A schematic of the low-pressure vacuum chamber is shown in Fig. 2.1. 
Substrates of dimensions 2 cm x 2 cm were cut from commercial Si(100) wafers 
doped n-type in two different ways: Sb (0.013 Ω⋅cm resistivity) and P (15 Ω⋅cm resistivity).  
In almost all cases, Si substrates were etched with 49% HF (1 min) following by rinsing with 
deionized water (1 min) immediately prior to insertion in the vacuum chamber to minimize 
native oxide formation at the TiO2/Si interface.  Gaseous precursors were introduced into the 
chamber through a delivery tube placed approximately 5 cm from the substrate.  The 
precursors included Ti(OCH(CH3)2)4 (TTIP, Strem Chemicals Inc., 98%) and H2O (DI, no 
further purification), with N2 (SJ Smith, 99.999%) serving as the carrier gas.  The 
temperatures of the TTIP and H2O bubbler sources were maintained at 65°C and 23°C, 
respectively, and the carrier gas flow rates were set to 60 SCCM with mass flow controllers.   
Total chamber pressure during growth was typically 400 mTorr.  A full ALD cycle consisted 
of a Ti(OCH(CH3)2)4 pulse, N2 purge, H2O pulse, and another N2 purge.  A pulse time of 8 
seconds and a purge time of 10 seconds yielded self-limiting growth.  At 200°C, 27 cycles 
were typically required to obtain 100 nm thick undoped TiO2. 
 
20 
 
2.2.2 Annealing 
Following film deposition, thermal annealing was carried out in a Barnstead 
Thermolyne F79300 tube furnace equipped with an eight stage Eurotherm 2416 
programmable controller.  All annealing was performed under ambient atmosphere with no 
supplementary O2, N2, or H2O vapor.  Samples were cleaned with acetone and dried with 
compressed air before being loaded into the cool quartz furnace process tube.  The standard 
process ramp rate and annealing temperature were 20°C/min and 550°, respectively.  For 
initial electrical characterization studies, samples were kept at this temperature for 24 hrs. 
 
2.2.3 Preparation of TiO2 Schottky diodes 
A schematic of the TiO2 Schottky diode designed to yield information about carrier 
type and concentration is shown in Fig. 2.2(a).  200 nm thick metal contacts of well-defined 
area (2.0 x 10-3 cm2) were formed to the TiO2 surface by photolithographic patterning 
followed by metal sputtering (Al) or evaporation (Au) and photoresist lift-off.  High purity 
(99.999%) Al was sputtered in a Cooke Dual-Gun Sputter System with base pressure of 3 x 
10−6 Torr, and Au contacts were formed using a CHA SEC-600 E-Beam Evaporator with 
base pressure of 5 x 10 −7 Torr.  Subsequently, the n-Si substrate was prepared for application 
of the ohmic contact by either manual abrasion with sandpaper or a two-step protocol 
involving a CF4/O2 capacitively coupled plasma and 49% HF wet etch (to prevent rapid 
removal of the entire TiO2 film during wet etching).  The contact to bare Si was then formed 
by the application of InGa metal eutectic (Aldrich, 99.99%) using a metal 26s-gauge needle 
affixed to a 10 µl syringe [15].   
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2.2.4 Electrical characterization 
I-V and C-V measurements were performed using a probe station consisting of a 
vacuum chuck for holding the wafer mounted on a x-y stage, a fiber optic illuminator, a probe 
platform with z adjustment for holding micromanipulators, four Signatone S-725 
micropositioners, and a switch plate for connecting the probes to the instruments. Each 
micropositioner was equipped with a SE-T tungsten probe tip with a tip diameter of 5.0 μm, 
shank diameter of 25 mil, and length of 1.25”. 
I-V and C-V data were collected using an Agilent 4155C Semiconductor Parameter 
Analyzer (SPA) and Agilent 4284A Precision LCR Meter.  The instruments were both 
controlled using Metrics ICS, a PC-based interface for semiconductor test instruments.  The 
test instruments were connected as follows for TiO2 Schottky diode measurements: 
1) 4155C “SMU1” → probe station triax connector labeled “Probe 1” 
2) 4155C “SMU3” → probe station triax connector labeled “Probe 3” 
3) 4284A “H (cur and pot)” → probe station coax connector labeled “Probe 1” and 
InGa contact to n-Si 
4) 4284A “L (cur and pot)” → probe station coax connector labeled “Probe 3” and 
Al contact to TiO2 
To obtain I-V data for the ohmic behavior of the metal to n-Si junction, “Probe 1” and “Probe 
3” were both contacted to the metal/n-Si. 
The C–V measurements were done at a frequency of 1 MHz; the range of the applied 
bias voltage was −1.2 to 0.2 V. 
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2.3 Diode qualification 
A diode exhibiting Mott-Schottky behavior obeys the following relation between 
capacitance C and applied voltage V: 
 2 2
0
1 2
bi
s d
kTV V
C q N A qε ε
  
= − −  
  
                   (2.1) 
when the film under examination exhibits n-type conductivity.  In this expression, Nd is the 
donor carrier concentration, εs denotes the dielectric constant of the semiconductor, ε0 the 
permittivity of free space, and Vbi the built-in voltage.  The quantities q, k, and T represent the 
electronic charge, Boltzmann’s constant, and temperature in K, respectively.  The dielectric 
constant of anatase TiO2 equals 55 [1].  Eq. (2.1) indicates that the slope of C-2 vs. V in the 
depletion region is inversely proportional to the desired quantity: the net ionized donor 
concentration, Nd.  The relation is equally suitable for determination of acceptor 
concentration in p-type material, Na.  In practice, a reversal in conductivity manifests itself as 
a sign change for the slope of C-2 vs. V. 
To justify the use of Eq. (2.1), the diode structure must undergo several steps of 
qualification to ensure that the assumptions underlying the Mott-Schottky equation are 
satisfied.  In particular, the diode structure must exhibit the following characteristics:  
1) The region of the device associated with the metal-Si contact must (a) show 
ohmic behavior and (b) contribute minimally to the series resistance of the diode. 
2) The region of the device associated with the metal-TiO2 contact must (a) show 
rectifying behavior, (b) have an ideality factor n such that 1 < n < 2, and (c) 
contribute minimally to the series resistance of the diode. 
3) The Si-TiO2 interface must contribute minimally to the series resistance of the 
diode. 
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The following sections show that each of these seven conditions is satisfied for the structure 
and materials used here.   
 
2.3.1 Diode series resistance 
Each condition specifies the need to minimize the overall series resistance of the 
Schottky diode.  In brief, this is crucial as Rs interferes with carrier concentration 
determination.  The extent to which Rs affects the value of Nd extracted from C-V 
measurements depends on the measurement frequency: 
( )
,
, 41
d actual
d measured
s
N
N
R Cω
=
−
                (2.2), 
where ω is frequency in Hz [4].  Thus, fulfillment of condition 1(b), 2(c), and 3 is equivalent 
to ensuring that (ωRsC)4 is small compared to unity.  For the frequency utilized in this study 
(1 MHz) and the observed capacitances (< 10–8 F), values of Rs smaller than 1 kΩ will have 
no significant effect (<1%) on the calculated carrier concentration.   
The overall series resistance Rs of the Schottky device can be broken down into three 
distinct contributions: 
2, , ,s s Si s TiO s interface
R R R R= + +                 (2.3),  
the series resistance Rs,Si associated with the Si and its contact through the ohmic metal to the 
external probe, the series resistance Rs,TiO2 associated with the TiO2 layer and its contact 
through the Schottky metal to the external probe, and the series resistance Rs,interface 
associated with the Si-TiO2 interface.  These are labeled on the equivalent lumped-element 
circuit of the Schottky diode in Fig. 2.2(b).  The resistance describing the metal-Si portion of 
the TiO2 Schottky diode Rs,Si can be obtained directly via I-V measurements.  The individual 
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contributions of Rs,TiO2 and Rs,interface cannot be determined experimentally in this manner.  
Instead, trends in Rs,TiO2 and Rs,interface as a function of TiO2 bulk and Si-TiO2 interface 
properties are assessed by examining changes in overall series resistance. 
 
2.3.2 Metal-Si contact  
A metal–semiconductor contact is defined as either ohmic or rectifying.  If the contact 
is ohmic in nature, its I-V characteristics will appear linear and symmetrical with respect to V 
= 0.  If it rectifying, the I-V characteristics will instead be asymmetrical, with current scaling 
exponentially with voltage for V > 0.  The behavior of the metal-Si contact of the TiO2 
Schottky diode can be examined by passing a current through the modified test structure 
shown in Fig. 2.3(a) and measuring the voltage across the two contacts.  Fig. 2.4 shows the I-
V characteristics for the InGa-Si junction as a function of Si resistivity and substrate 
preparation method.  The curves are linear in all cases, which confirms the InGa contact with 
n-type Si is ohmic, thereby satisfying condition 1(a).   
The I-V curves also yield useful information about the extent to which the metal-Si 
contact contributes to Rs.  The slope of each I-V curve at V = 0 corresponds to a total 
resistance RT:  
0
T
V
VR
I =
∂ =  
∂ 
                 (2.4). 
For a lateral two-terminal contact resistance structure with both contacts on the top surface as 
employed in the modified test structure, RT is given by:  
2 2 2T c sp pR R R R= + +                   (2.5), 
where Rc denotes the contact resistance, Rsp the spreading resistance in the semiconductor 
directly under the contact, and Rp the probe resistance (see Fig. 2.3(b))  [4].  Comparison of 
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Figs. 2.2(a) and 2.3(a) indicates that the resistance describing the metal-Si portion of the 
TiO2 Schottky diode, Rs,Si , is simply the sum of Rc, Rsp, and Rp: 
,s Si c sp pR R R R= + +                               (2.6). 
Consequently, minimizing Rc serves to minimize Rs.  Since the thickness of the Si substrate is 
much greater than the contact radius, the spreading resistance of each contact can be 
expressed as:  
4sp
R
r
ρ
=
                
(2.7), 
where ρ and r are respectively the resistivity of the underlying semiconductor and the radius 
of the metal contact [4].  Here, the numerical values of Rsp typically fell between 0.03 and 40 
Ω. The empirical value of Rp for the SE-T tungsten probe tips used in this study is 9.3 x 10 −5 
Ω.   
Fig. 2.4 includes the values of Rc obtained via application of Eqs. (2.4), (2.5), and 
(2.7) to the I-V data.  For the 0.013 Ω·cm substrate, Si conditioning by abrasion and etching 
yielded contact resistance values of 5.6 Ω and 13 Ω, respectively.  Values for the 15 Ω·cm 
substrate were more than ten times larger in both cases.  The value of 5.6 Ω best fulfills 
condition 1(b) in that the contribution of the ohmic contact resistance to the overall diode 
series resistance is minimized.  The 0.013 Ω·cm substrate and abrasion surface preparation 
method were used for all diode structures intended for C-V measurements.   
 
2.3.3 Metal–TiO2 contact 
The thermionic current-voltage relationship of a Schottky barrier diode is given by 
[16]: 
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                (2.8), 
where Is denotes the saturation current and n the ideality factor.  Is is defined as: 
 ** 2 exp Bs
qI AA T
kT
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              (2.9), 
where A represents the diode area, A** the effective Richardson constant for TiO2 (6.71 x 106 
A m−2 K−2  [17]), and ΦB the effective barrier height.  Eq. (2.8) indicates that the current 
through the diode varies exponentially with applied voltage in the forward bias case and is 
very small in the reverse bias case – a variation that represents the classic signature of 
rectifying behavior for condition 2(a).   
 Fig. 2.5 shows the forward and reserve bias I-V characteristics for two diodes with 
differing metal contacts: Al/TiO2/n-Si/InGa and Au/TiO2/n-Si/InGa.  In both cases, an 
asymmetric, Schottky-barrier response is observed, thereby fulfilling condition 2(a).   
However, diodes exhibiting rectifying behavior may yet be unsuitable for C-V 
measurements of carrier concentration [18]. Such measurements presuppose that current 
transport through the device is limited by the diffusion and/or electric-field-driven drift of 
majority carriers within the depletion region of the semiconductor adjacent to the metal 
interface. In some devices, current may be limited by other factors such as image force 
lowering of the Schottky barrier height, quantum mechanical tunneling, current leakage, or 
the presence of an insulating layer between the metal and the semiconductor.  Such devices 
exhibit n > 2 in Eq. (2.8) for I-V measurements [19], and C-V determinations of carrier 
concentration are not appropriate because of additional, unwanted contributions to the 
capacitance.  However, some non-idealities are tolerable. For example, a fraction of majority 
carriers may recombine with minority carriers within the depletion region of the 
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semiconductor.  In such cases, 1 < n < 2 (condition 2(b)), and C-V measurements remain 
appropriate for determinations of carrier concentration.    
The present work employed the Cheung method [20] to obtain n for the metal-TiO2 
contacts.  In this method, n is obtained from a plot of dV/dlnJ vs. J where J is current density 
in units of A/cm2: 
 
ln s
dV kTR AJ n
d J q
 
= +  
 
              (2.10). 
As shown in Fig. 2.6(a), application of this equation to the data of Fig. 2.5 yields ideality 
factors for the Al-based and Au-based TiO2 diodes of 1.6 and 3.5, respectively.  Thus, only 
the diode with Al contact meets condition 2(b).      
Rs was also determined by the Cheung method, which prescribes plotting an auxiliary 
function H(J) versus current density: 
 ( ) ** 2ln B s
nkT JH J V n R J
q AA T
   = − = Φ +   
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             (2.11). 
With n known from Eq. (2.10), both Rs and ΦB can be determined.  As seen in Fig. 2.6(b), Rs 
values are 0.90 kΩ for the Al contact and 1.2 kΩ for the Au contact, so that condition 2(c) 
was fulfilled in both cases.  The corresponding values of ΦB were 0.57 and 0.39 eV, although 
these values do not directly affect any of the required conditions for accurate C-V 
measurements. 
 
2.3.4 Si-TiO2 interface 
It remains to minimize the contribution of Rs,interface to the overall series resistance of 
the diode as specified in condition 3 to avoid interfering with accurate Nd determination.  
There is no direct way to measure Rs,interface for the TiO2 Schottky diode, nor is its exact 
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magnitude critical, since the goal is merely to minimize Rs.  However, it is possible to obtain 
a qualitative understanding of how surface preparation protocols affect the series resistance 
associated with the Si-TiO2 interface and advise upon which of these surface preparation 
protocols must be undertaken to avoid spurious contributions to Nd.  The TiO2 film and 
Schottky diode preparation were carried out as described in Sections 2.2.1 and 2.2.3 except 
that Si substrates were prepared in one of three ways prior to TiO2 deposition: no HF etching, 
HF etching, or growth of a thick (200 nm) layer of thermal SiO2.  In the presence of native or 
thermal oxide, high values of series resistance (> 1 x 105 Ω·cm) are obtained from I-V data 
for the Al/TiO2/Si/InGa Schottky diodes.  In contrast, HF etching results in a Si-TiO2 
interface that contributes minimally to diode Rs.   
It is well known that if the interfacial layer is sufficiently thick, it will contribute 
significantly to the overall capacitance of the diode and prohibit accurate extraction of Nd 
[21].  For example, a layer of SiO2 wedged between the Si and TiO2 would serve as an 
additional capacitor connected in series with the capacitance associated with the depletion 
layer (the equivalent circuit diagram in Fig. 2.2(b) would no longer be accurate); the total 
capacitance would then be lower than that of a diode without an interfacial layer.  This 
artifact would propagate through into a higher, or overestimated, value of Nd.  The native 
oxide result is more remarkable since the equivalent circuit diagram remains valid.  Even a 
thin (~5 Å) native oxide layer left on the Si substrate prior to TiO2 film deposition leads to an 
undesirably high value of Rs.   
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2.4  Determination of TiO2 carrier concentration 
 Fig. 2.7(a) shows an example C-V curve for a fully characterized TiO2 Schottky diode 
structure.  In this instance, the film is 100 nm thick, undoped anatase TiO2 subjected to 24 hrs 
of post-deposition annealing.  Values for n, Rs, and ΦB of 1.6, 0.90 kΩ, and 0.60 eV are 
obtained, in that order.  The capacitance increases with decreasing positive voltage until 
reaching a maximum in the accumulation region, which is labeled in the figure.  Fig. 2.7(b) 
shows the same data in conventional Mott-Schottky format (C-2 vs. V).  Carrier concentration 
can be extracted from the electrical data since the assumptions underlying the Mott-Schottky 
equation are all satisfied.  For this TiO2 film, Nd equals 8.3 ± 0.2 x 1016 cm-3.  The estimate of 
standard error is obtained by computation of a least squares curve fit to C-2 vs. V in the linear 
depletion region. 
 
2.5  Conclusion 
Defect engineering of metal oxide semiconductors such as TiO2 is hardly 
straightforward.  Spurious contributions to experimentally determined carrier concentration 
values must be eliminated in order to tune polycrystalline TiO2 for catalysis and integrated 
circuit applications.  C-V measurements can be used to obtain accurate values of carrier 
concentration in n- and p-type metal oxide semiconductors, although thorough device-like 
characterization of Schottky diode test structures and judicious selection of contact metals 
and surface/interface preparation methods are necessary.  Especially for polycrystalline TiO2, 
the body of literature pertaining to C-V characterization of polycrystalline Si and Ge [22, 23] 
should be leveraged to better understand the challenges of defect engineering polycrystalline 
TiO2 films synthesized by assorted deposition methods.   
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2.6  Tables and figures 
 
Table 2.1 Literature values of undoped anatase TiO2 carrier concentration. 
Reported Nd 
(cm-3) Synthesis Method 
Thickness 
(nm) 
Metrology 
Method Reference 
~1 x 1016 Spray pyrolysis (12hr anneal at 450°C) 100 ± 20 
Impedence 
spectroscopy [1] 
4.1 x 1016 E-beam evaporation 120 C-V [24] 
7.7 x 1016 PAMBE 100 Hall effect [25] 
7.9 x 1016 E-beam evaporation 80 C-V [24] 
2.9 x 1017 E-beam evaporation 40 C-V [24] 
3.2 x 1017 Spray pyrolysis (6hr anneal at 450°C) 100 ± 20 
Impedence 
spectroscopy [1] 
2.1 x 1018 CVD 250 C-V [26] 
5.0 x 1018 PLD 200 Hall effect [27] 
5.6 x 1018 CVD 250 C-V [8] 
9.7 x 1018 MBE ~ 30 Hall effect [28] 
9.0 x 1018, 2.0 x 
1019 Sputtering 1000 Hall effect [29] 
1.5 x 1019 Spray pyrolysis (as-deposited) 100 ± 20 
Impedence 
spectroscopy [1] 
1.7 x 1019 Sol-gel ~ 1300 
Photo-
electrochemical 
measurements 
[13] 
2 x 1019 to 9 x 
1019 
Galvanostatic 
technique 62 and 83 
Impedence 
spectroscopy [2] 
3.4 x 1019 Hydrothermal processing 10,000 C-V [30] 
 
 
 
31 
 
Fig. 2.1 Schematic depicting the low-pressure vacuum chamber for ALD of undoped TiO2. 
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Fig. 2.2 Schematic of (a) TiO2 Schottky diode structure with key features labeled and (b) 
equivalent lumped element circuit for TiO2 Schottky diode. 
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Fig. 2.3 Schematic of (a) test structure for determining metal-Si Rc and (c) resistance 
contributions to RT for metal-Si Rc test structure. 
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Fig. 2.4 Current-voltage characteristics for InGa-Si contacts in the test structure of Fig. 2.3(a) 
as a function of Si substrate resistivity and surface preparation method. “A” indicates abraded 
and “E” indicates etched.  All curves are linear, indicating ohmic behavior, and 
corresponding contact resistances are shown.  
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Fig. 2.5 Current-voltage characteristics for comparison of Au and Al contacts to diodes 
fabricated with undoped TiO2.  Contact area is 2.0 x 10-3 cm2. 
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Fig. 2.6 Plots of (a) d(V)/d(lnI) vs. I and (b) H(I) vs. I utilized to calculate n, Rs, and ΦB 
according to the Cheung method. 
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Fig. 2.7 (a) Dependence of capacitance upon voltage for undoped anatase TiO2 (100 nm, 24 
hr anneal). Voltage ranges leading to accumulation, depletion, and inversion at the TiO2-
metal contact are shown.  Only the data taken under the depletion condition are useful for 
calculating carrier concentration.  (b) The data in (a) plotted in conventional Mott-Schottky 
form.  The plots are recorded at 1 MHz.  For the bias voltage polarity used with this diode 
structure, a positive slope indicates n-type behavior. 
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Chapter 3: Manipulation of Charged Defects in  
Undoped Polycrystalline TiO2 
 
3.1 Abstract 
Defect engineering of polycrystalline TiO2 is complicated by charged point defects 
and grain boundaries that alter bulk carrier concentration in a manner that depends on 
synthesis and post-treatment protocols.  These influences are hard to decouple with standard 
electrical characterization methods, which are not well-suited to metal oxides like TiO2.  
Here, TiO2 donor carrier concentration (Nd) is investigated as a function of film thickness, 
annealing time, and illumination using a rigorous Schottky diode-based electrical 
characterization approach.  Nd scales inversely with film thickness due to a reduction in the 
concentration of electrically active grain boundaries in the bulk.  Annealing of 
polycrystalline TiO2 at 550°C induces film densification that reduces the void volume 
surface area available for charge trapping.  Low-level photostimulation drives Nd toward a 
bulk-like value of 1.2 x 1017 cm-3 irrespective of film microstructure; this suggests either a 
reduction in grain boundary potential barrier height or surface state-induced Fermi level 
pinning.  Strategies for defect engineering polycrystalline metal oxides must focus on tuning 
electrical activity of grain boundaries and intergranular voids for successful control and 
manipulation of Nd. 
 
3.2 Introduction 
Many metal oxide semiconductors with wide bandgaps (> 3 eV) possess electronic 
properties that, in combination with chemical stability and modest cost, suit them well for 
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important applications such as photocatalysis [1, 2], dye-sensitized solar cells (DSSCs) [3], 
and gas sensing for environmental pollutants [4], combustion products [5], and explosives 
[6].  Such applications would benefit greatly from the same precision in controlling charge 
carrier concentration that is presently possible for conventional microelectronic devices 
based on silicon and III-V semiconductors.  In photocatalysts and DSSCs, for example, such 
control would permit manipulation of near-surface or near-interface electric fields to 
optimize the flow of photogenerated charge carriers [7].  In gas sensors based on electrical 
conductivity, such control would improve the sensitivity, which depends upon background 
charge carrier concentration [8].   
Defect engineering is used extensively in the semiconductor processing industry to 
produce devices with well-defined physical properties (e.g., electrical conductivity, switching 
frequency, power consumption) [9].  In as-grown, undoped TiO2, oxygen vacancies (VO) 
and/or titanium interstitials (Tii) introduce large concentrations of shallow donor levels that 
result in n-type conduction at standard temperatures and pressures [10].  Control and 
manipulation of defects in single crystal TiO2 has been demonstrated via mechanisms such as 
surface-bulk coupling and photostimulation [11].   
Polycrystalline TiO2 is a more complicated system due to the presence of grain 
boundaries that can alter the electrical properties of the film and serve as traps for charge 
carriers.  Similar intricacies were encountered optimizing polycrystalline Si for solar cell and 
integrated circuit applications [12, 13].  Since polycrystalline semiconductors contain defects 
caused by incomplete bonding between adjacent crystallites, disordered material in the 
boundary region results in trapping states, space charge regions, and local potential barriers 
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[14, 15].  The extent to which these factors influence a particular semiconductor depends on 
crystallite size, preparation method, and the resulting intergrain properties [16].   
Film thickness serves as a useful control for studying the interplay between 
microstructure and carrier concentration.  For instance, Nd of Sb-doped SnO2 decreases with 
film thickness in a manner that depends on substrate selection and, consequently, grain size, 
crystallinity, and morphology [17].  Windisch et al. noted a reduction in Nd of sputtered ZnO 
from 1.31 x 1017 cm-3 to 7.94 x 1016 cm-3 as film thickness was increased from 50 nm to 200 
nm [18].   Generally, grain size is expected to increase with film thickness [19].  In materials 
like Cu2O where smaller grains form to compensate for the additional stress in thicker films 
[20], Nd may track independently from either grain size or lattice constant.  One report of 
TiO2 carrier concentration for 40 nm, 80 nm, and 120 nm films prepared by e-beam 
evaporation exists [21]; no explanation is given for the observed drop in Nd with increasing 
film thickness.  Certainly, a comprehensive study of Nd vs. film thickness for a range of 
thicknesses more suitable for practical applications is lacking.   
In polycrystalline metal oxide films, there is also evidence to suggest that 
illumination influences carrier concentration.  For n-type SnO2 thin films, O2- ions adsorbed 
at grain boundaries create local potential barriers between adjacent grains [22].  Under 
moderate UV light irradiation (13 mW/cm2), adsorbed oxygen ions are removed and the 
grain boundary potential barrier is reduced.  Since grain boundary barrier height scales 
inversely with donor carrier concentration, this causes an increase in Nd.  Over the course of 
~16 hr, carrier concentration grows from 6 x 1018 cm-3 to 2.2 x 1019 cm-3.  The conductivity of 
ZnO is likewise affected when nonequilibrium holes are captured by surface oxygen states 
upon illumination with white light (2 W/cm2) [23].  An oxygen adsorption-desorption 
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process creates slow photoconductivity transients that continue to decay even ~27 hr after 
termination of light exposure.  A sole report exists to describe the effect of photostimulation 
on polycrystalline TiO2 donor carrier concentration.  Wang et al. examined changes in Nd for 
70 nm TiO2 grown by chemical vapor deposition (CVD) and illuminated with light (of 
unknown intensity) in the 320 to 390 range [24].  The authors saw a twofold increase in Nd 
(initially 1017 cm-3) after two hours of illumination.  A quantitative correlation between Nd 
and illumination time is difficult to tease out of this study and no explanation was provided 
for the observed trend.  Further investigation of illumination-induced changes in 
polycrystalline TiO2 donor carrier concentration is merited. 
 
3.3 Methods and procedures 
 Undoped TiO2 was deposited at 200°C as described in Chapter 2.  Substrates of 
dimensions 2 cm x 2 cm were cut from commercial n-type Si(100) (Sb, 0.013 Ω·cm 
resistivity) and etched with dilute aqueous HF immediately prior to insertion in the vacuum 
chamber.  All processing parameters including TTIP and H2O temperatures, carrier gas flow 
rates, and ALD cycle timing were unchanged.  After deposition and post-treatment, TiO2 
diode preparation and electrical characterization were performed as described in Chapter 2.  
Schottky diode structures fulfilling all criteria for accurate C-V measurements of carrier 
concentration were fabricated with InGa ohmic contacts to abraded n-Si and Al Schottky 
contacts to the TiO2 surface.  Additional details pertinent to the studies in this chapter will be 
discussed in brief. 
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3.3.1 Annealing 
 Following film deposition, thermal annealing was carried out as required in the 
Barnstead Thermolyne F79300 tube furnace introduced in Chapter 2.  The standard process 
ramp rate was 20°C/min; here, ramp rates of 40°C/min and 60°C/min were also investigated.  
The annealing temperature was 550°C in all cases.  Samples were kept at this temperature for 
20 min, 1 hr, 2 hr, 3 hr, 7 hr, 11 hr, or 24 hr, depending on the experiment.  
 
3.3.2 Illumination 
For illumination studies, samples were cleaved in two and stored either in the dark or 
under a compact fluorescent lamp (2.3 mW/cm2).  The installed bulb was a Lights of 
America 9024B fluorescent linear quad bulb rated at 1800 lumens.  Light intensity was 
measured with a digital SLR camera set to ISO of 100 and aperture of f/5.6 [25].  The light 
bulb was considered as a point source of light radiating equally in all directions.  Dividing 
the light bulb’s power output by the effective area at the bulb to sample distance allowed for 
determination of light intensity in W/m2.  Since there was no spectral filtering of the light, it 
is presumed that the light flux included a small fraction of super-bandgap radiation. 
Illuminated samples were subjected to the incident light for 24 hr/day; the light 
source and samples were shrouded and enclosed with black aluminum foil to maintain 
constant intensity from day-to-night.  In one case, an electrically characterized and cleaved 
100 nm TiO2 sample was immersed in a shallow petri dish of H2O (DI, no further 
purification).  The H2O level was checked every two days and topped up as necessary.  In all 
other cases, the TiO2 samples were placed face up in opened plastic sample cases, all of 
which were situated directly under the light source. 
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3.3.3 Physical characterization 
Film thickness was measured prior to annealing using a Rudolph Technologies 
AutoEL III single wavelength ellipsometer.  The instrument was programmed to measure 
film thickness assuming a fixed value of refractive index for TiO2 (2.458 [26]).  The AutoEL 
III has a detection limit of approximately 10Å, an accuracy of ± 3 Å, and 1% repeatability. 
X-ray photoelectron spectroscopy (XPS) data were obtained with a Kratos AXIS 
Ultra utilizing a pass energy of 40 eV, with excitation by monochromatized Al Kα radiation.  
Samples were mounted to the stainless steel sample holder with copper tape.  Care was taken 
to minimize the amount of exposed tape to prevent inaccurate estimation of surface and bulk 
chemical composition.  The angle between the incident beam and the sample is variable on 
this tool; an angle-resolved XPS study (θ = 90, 45, 30, and 10°) was performed to investigate 
the origin of the multiple contributions to the O 1s spectra for TiO2.  An angle of 90° 
corresponds to the beam being perpendicular to the sample.  For reference, the default angle 
between the incident beam and the substrate is 90°. 
XPS data processing and analysis was accomplished with CasaXPS software.  The 
binding energy (BE) scale was referenced to the C 1s line of aliphatic carbon, set at 285.0 
eV.  Spectral regions were fit with either a linear or Shirley background.  Components were 
added to the spectra using Casa’s automatic peak fitting feature.  Estimates of peak binding 
energy and area were obtained by fitting an individual region (i.e. C 1s).  Percentage atomic 
concentrations were obtained by comparing the relative intensities of the peaks in the survey 
spectra. 
TiO2 morphology was examined using a Hitachi Model S4800 scanning electron 
microscope (SEM).  It features a maximum resolution of 1.0 nm and a variable acceleration 
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voltage of 0.5 to 30 kV.  Images were collected an at acceleration voltage of 15 kV.  Samples 
for cross-sectional visualization were cleaved immediately prior to insertion in the vacuum 
chamber.  In order to obtain well-resolved cross-sectional images, the sample stage was 
rotated by 180° and tilted by 10°. 
X-ray diffraction (XRD) and all x-ray reflectivity (XRR) patterns were obtained at 
room temperature with a high-resolution Philips X’Pert diffractometer (λ = 0.15406 nm) 
operated at 45 kV and 40 mA with a Cu Kα1 primary x-ray beam from a hybrid 
monochromator consisting of a parabolic x-ray mirror and a 2-reflection Ge(220) 
monochromator (aka “X’Pert 2”).  The secondary optics consisted of a high-speed PIXcel 
line detector using 255 channels.   
For temperature-programmed XRD, a different Phillips X’Pert instrument (aka 
“X’Pert 1”) was utilized.  All settings were the same except for the presence of a (1) crossed-
slit collimator for point focus applications, (2) Ni filter, and (3) parallel plate collimator with 
slit size of 0.1 mm x 10 mm. 
MDI JADE software was used for XRD pattern analysis and phase identification.  
Anatase TiO2 spectra were fit to JCPDS card No. 21-1272 (tetragonal, a = 3.7852, c = 
9.5139).  Data were cross-referenced with patterns for rutile (JCPDS card No. 21-1276) and 
brookite (JCPDS card No. 29-1360) TiO2.  JADE invokes Scherrer’s formula to determine 
crystallite size: 
0.9
cos
D λ
β θ
=                   (3.1), 
where λ = 0.15406 nm.  The parameter β = B – b, where B is the observed FWHM and b is 
the instrument function determined from the broadening of the monocrystalline silicon 
diffraction line.  For the analysis described here, it was assumed that peak broadening was 
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due to crystallite size only (i.e., contributions from microstrain or temperature variation were 
neglected). 
In some instances, XRR data were fit using PANalytical X-ray reflectivity software to 
attain estimates for bulk density, roughness, and thickness.  The program allows automatic 
fitting of simulated to experimental specular XRR curves.  A sample stack of specific 
composition (e.g. Si/TiO2) is defined by the user along with appropriate thickness and 
roughness ranges for each stack layer.  Sample parameters can be obtained by segmented 
fitting, genetic algorithm routine, or combined fitting mode.  The films synthesized in this 
work were modeled using a four layer stack (Si/SiO2/TiO2/CH) in the manner of [27, 28], 
with the combined fitting mode providing the best fit to the experimental data. 
As the XRR fitting procedure is time consuming, bulk density can also be obtained in 
a more direct fashion.  The experimentally determined critical angle of total external 
reflection, θc, is related to the bulk density of the film ρ according to: 
2 2
c e Ar ZN F
A
θ λ
ρ π
= =                     (3.2), 
where re is the classical electron radius (2.82 x 10-15 m), λ the x-ray wavelength, Z the atomic 
number, NA Avogadro’s number, and A the mass number [29].  Thus, F is a constant for a 
given material and irradiating beam.  θc is obtained from the angle at which the XRR spectral 
intensity is half of the plateau value [30].  After θc has been extracted from the XRR curve, ρ 
is calculated directly from Eq. (3.2).   
If desired, bulk density can be converted to porosity P via the simple expression 
( ) ( )0% 1 / 100P ρ ρ= − ×                     (3.3), 
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where ρ0 is the bulk density of single crystal anatase TiO2 (3.89 g/cm3).  In this context, 
porosity should result from two sources: intragranular porosity and intergranular porosity.  
When grain growth rate is rapid, pores can be left behind as grain boundaries evolve; this 
causes pores trapped inside grains [31].  Intergranular pore shape and size is affected by the 
shape, size, and packing of bounding grains [32]. 
 
3.4 Results  
3.4.1 Chemical composition 
 The chemical composition of TiO2 grown by ALD was investigated to confirm the 
absence of unintentional “dopants” (e.g., carbon, metallic impurities from film precursors) 
and evaluate elemental states. 
An example XPS survey spectrum for undoped TiO2 deposited at 200°C and annealed 
at 550°C for 24 hr is shown in Fig. 3.1(a).  Strong peaks corresponding to Ti 2p, O 1s, and C 
1s are observed.  Previous studies in the Seebauer group have revealed that C is adsorbed to 
the vapor phase deposited TiO2 surface and exists only minimally in the bulk after Ar ion 
sputtering [33].  To confirm this, the C 1s peak was studied before and after depth 
profiling/film removal.  The “surface” trace in Fig. 3.1(b) shows the C 1s feature obtained 
prior to Ar ion sputtering.  This translates to approximately 20% C on the film surface.  The 
“bulk” trace in the same figure illustrates the substantial drop in C 1s signal after the top 10 
nm of the film are removed.  As evidenced by the inability to curve fit the C feature after 
sputtering, there is less than 0.2 at% carbon in the bulk. 
 Multiplex scans were performed to inspect the Ti 2p and O 1s XPS features in more 
detail.  Ti 2p3/2 and Ti 2p1/2 peaks are situated at 458.6 and 464.3 eV for undoped TiO2 (Fig. 
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3.2(a)).  The change in BE of the Ti 2p peaks relative to those of metallic Ti and 5.7 eV line 
separation between Ti 2p3/2 and Ti 2p1/2 indicates that Ti atoms are in the +4 oxidation state 
[34].  The pronounced peak at ~529.5 eV in Fig. 3.2(b) corresponds to lattice oxygen, where 
the “90 deg” spectrum compliments the Ti 2p spectrum described above.   
A variety of interpretations exist to describe the features found in O 1s spectra for 
metal oxide semiconductors.  Perron et al. report contributions from bulk oxygen, “bridging” 
oxygen, and “top” oxygen for the O 1s spectrum of rutile (110) single crystal TiO2 where 
“bridging” atoms are two-fold coordinated and “top” are single-fold coordinated [35].  On 
the other hand, for polycrystalline anatase TiO2, Lin and coworkers suggest a correlation 
between a small feature at ~532 eV and the concentration of oxygen vacancies in the bulk 
[36].  This link was reported earlier for Co-doped ZnO [37] and Co3O4 [38].  Given the 
multiple interpretations for the O 1s signal, several of which relate to native defect 
concentration, angle-resolved XPS measurements were also performed.   
Fig. 3.2(b) shows the change in O 1s signal as a function of take-off angle ranging 
from 15 to 90°.  A reduction in take-off angle translates to a reduction in the depth from 
which the XPS information is obtained.  Consequently, data obtained at 15° is more sensitive 
to surface species.  Fitting the spectra with two components, a high BE component at ~531.5 
eV and a low BE component at ~529.5 eV, allows for comparison of the two peak areas.  As 
seen in the inset of Fig. 3.2(b), the contribution of the high BE peak decreases substantially 
as take-off angle is increased from 15 to 90°.  This suggests that the O 1s feature at 531.5 eV 
originates from surface species, most likely hydroxyl groups [39, 40].  As such, the area of 
the high BE peak provides minimal insight into bulk or near-surface defect concentration.  
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Furthermore, it must be neglected in order to obtain an accurate estimate of surface elemental 
composition for undoped (and doped) TiO2. 
 
3.4.2 Morphology and crystallinity 
Application of XRD, XRR, and SEM to the evaluation of TiO2 microstructure permits 
investigation of crystallite size, bulk density, and crystallite shape as a function of film 
thickness and annealing time.   
TiO2 morphology and crystallinity for three permutations of film thickness and 
annealing time are shown in Fig. 3.3, where (a), (b), and (c) correspond to 100 nm/20 min, 
100 nm/24 hr, and 300 nm/20 min, in that order.  All films are polycrystalline anatase with 
preferential (101) orientation (JCPDS card No. 21-1272).  An increase in peak intensity is 
observed for the 300 nm film, suggesting improved crystallinity.  Annealing time has no 
effect on peak intensity.  Film strain was estimated by comparing the c-axis lattice constant 
to that of bulk anatase TiO2 (9.5139 Å); the variation was minimal (less than ± 0.3%) for all 
films.  Cross-sectional SEM images indicate 100 nm TiO2 comprises round (20 min – Fig. 
3.3(a)) and oblong (24 hr – Fig. 3.3(b)) agglomerates with distinguishable crystallite 
boundaries but no obvious cracks or voids.  The 300 nm film (Fig. 3.3(c)) exhibits more 
homogeneous texturing with little definition between adjacent crystallites.   
To probe the dynamics of TiO2 crystallization, temperature-programmed XRD 
(TPXRD) was carried out, selected results of which are shown in Fig. 3.4.  Prior to 
annealing, no peaks are discernable (data not shown).  By the time the sample temperature is 
ramped to 550°C at a rate of 45°C/min and the first data collection routine begun, peaks 
corresponding to the (101), (112), (200), and (211) orientations are clearly visible.  Indeed, 
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little further change is observed with time.  There is no enhancement in crystallinity for 
extended annealing as previously reported for TiO2 synthesized by sol-gel [41] and CVD 
[42].  The conclusions obtained from TPXRD are consistent with the room temperature data 
in Fig. 3.3(a) and (b), however, which show minimal change in peak intensity for 20 min vs. 
24 hr annealing time.  In all likelihood, for the annealing temperature in this study, 
crystallization is probably complete by the time 550°C is even reached.  For example, Kirsch 
and co-workers anneal 280 nm TiO2 films synthesized by dip coating at temperatures of 
400°C, 425°C, and 450°C [43].  Maximum XRD peak areas are reached at 12.5 min, 6.3 min, 
and 4 min for these annealing temperatures, respectively.  Since high-resolution XRD spectra 
for even narrow 2-theta ranges require ~5 min to complete, a different temperature ramping 
and annealing strategy would have to be adopted to further probe in-situ crystallization of 
TiO2 synthesized by ALD. 
Room temperature XRD peak profiles were analyzed using Scherrer’s formula to 
obtain average crystallite size in the film growth direction for TiO2 films of varying thickness 
and subjected to assorted post-deposition annealing times.  As depicted in Figs. 3.5(a) and 
(b), crystallite size remains ~40 to 50 nm for the film thicknesses and annealing times in this 
study.  Annealing ramp rate was found to have no effect on crystallite size (data not shown). 
It is important to highlight the physical significance of “crystallite size” obtained in 
this manner.  First, a crystallite is a unit lattice in which atoms are arranged in a specific 
position; in contrast, a grain may comprise a collection of crystallites arranged in a single 
direction.  While grain size typically scales with crystallite size [44], the latter cannot be 
manipulated to obtain a quantitative value such as “grain boundary surface area per unit 
volume,” for example.  Second, in a system such as polycrystalline TiO2, crystallites are 
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tightly packed thus precluding charged defect states or facile atomic diffusion between 
individual crystallites.  It is also worth mentioning that subtleties in evolution of crystallite 
size may be obscured by the fact that this method of XRD analysis yields size in the film 
growth direction only.  For example, crystallites may evolve laterally in shape and size in a 
manner not captured by the above characterization method.  In-plane XRD measurements to 
probe lateral variations in crystallite size were attempted, but peak intensities were too weak 
to obtain information of any value. 
XRR spectra fitting shows a slight decrease in TiO2 bulk density from 3.64 g/cm3 to 
3.48 g/cm3 as film thickness increases from 100 to 300 nm (Fig. 3.5(c) and (e)).  Conversely, 
annealing at 550°C causes a significant density increase of ~0.3 g/cm3 for long (24 hr) anneal 
times (Fig. 3.5(d)).  For comparison, the bulk density of single crystal anatase is 3.89 g/cm3.   
 
3.4.3 Influence of film thickness on carrier concentration 
Values of TiO2 donor carrier concentration versus film thickness for samples stored in 
the dark are shown in Fig. 3.6.  Phenomenological curves have been included as a guide to 
the eye.  Each Nd value represents the average of three distinct data sets acquired one week 
apart.  Consequently, error bars represent week-to-week variation in measured carrier 
concentration.  The uncertainties in the linear fits of the Mott-Schottky plots are not 
displayed since they lead to <2% error in the determined carrier concentration.  For TiO2 
films annealed for 20 min at 550°C (Fig. 3.6(a)), there is a steady decrease in Nd from 
approximately 6.2 x 1017 cm-3 to 2.8 x 1016 cm-3 as film thickness is increased from ~50 nm 
to ~300 nm.  Samples annealed for 24 hr exhibit a similar decrease in Nd from 2.0 x 1017 cm-3 
to 4.0 x 1015 cm-3 with increasing film thickness.  As evidenced in Fig. 3.6(b), the range of 
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carrier concentration variation is comparatively larger for films annealed for 24 hr.  
Additionally, the concavity of the Nd versus thickness trend is inverted. 
While the donor carrier concentration of undoped TiO2 has been determined for films 
of varying thickness (refer back to Table 2.1), a rigorous empirical correlation between Nd 
and film thickness has not existed up until now.  Van de Krol and co-workers used C-V 
measurements to determine Nd for 40 nm, 80 nm, and 120 nm polycrystalline anatase TiO2 on 
ITO produced by e-beam evaporation [21].  Their results are amended to, and in close 
agreement with, those in Fig. 3.6(b).  In fact, after deposition, their samples were annealed at 
450°C in air for 10 hr in order to induce crystallization.  They obtain a crystallite size of 310 
nm from analysis of XRD data for the 120 nm film using Scherrer’s equation.  In all 
likelihood, this estimate is inaccurate due to improper application of the 0.9 constant in Eq. 
(3.1), which assumes spherical crystals.  While Lee and Pyun [45] report values for Nd of 62 
nm and 83 nm polycrystalline anatase TiO2 prepared by galvanostatic method, they 
implement a numerical analysis procedure to obtain “instantaneous” Nd as a function of 
applied voltage.  Consequently, it is only possible to infer “average” values of 6.0 x 1019 cm-3 
and 2.5 x 1019 cm-3 for the 62 nm and 83 nm films.  It should be noted, however, that Nd 
decreases with increasing thickness for both of these existing reports. 
 
3.4.4 Influence of annealing time on carrier concentration 
The influence of annealing time on Nd was systematically studied.  Fig. 3.7 reveals a 
gradual decrease in Nd for 100 nm thick TiO2 from 4.7 x 1017 cm-3 to 7.9 x 1016 cm-3 as 
annealing time is increased from 20 min to 24 hr.  As a reminder, these values correspond to 
a dramatic rise in bulk density (Fig. 3.5(d)) but a minimal change in crystallite size (Fig. 
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3.5(b)).  Film thickness was re-measured after annealing to assess the extent (if any) of film 
compaction.  The post-annealing thickness of the sample annealed for 24 hr was 95% of its 
original value.  Samples annealed for intermediate time between 20 min and 24 hr exhibited 
compaction ranging from 1 to 4%. 
 
3.4.5 Influence of illumination on carrier concentration 
It was clear that Nd varied little with time when samples were stored in dark (Fig. 
3.6(a)).  Samples prepared with either 20 min or 24 hr post-deposition annealing exhibited 
minimal week-to-week variation in Nd.  In contrast, Fig. 3.8(a) displays Nd as a function of 
thickness at t = 0, 1 week, and 2 weeks for samples annealed for 20 min and exposed to 
fluorescent light.  The carrier concentration varies significantly for some thicknesses, 
sometimes by as much as a factor of five.  Since the lamp is unfiltered, it is assumed that the 
incident light comprises some UV as well as visible components.  Upon illumination, donor 
carrier concentration becomes relatively independent of film thickness and converges to ~1.2 
x 1017 cm-3.  Fig. 3.8(b) presents change in Nd from t = 0 plotted to better illustrate magnitude 
and direction of carrier concentration change.  Depending upon the initial value of the carrier 
concentration, illumination can stimulate either an increase or a decrease in Nd.  By the one 
week point, a steady-state value of Nd is reached for all films thicker than 100 nm.   
 
3.4.6 Influence of aqueous environment on carrier concentration 
TiO2 is chemically stable in aqueous environments, but little is known about the 
influence of extended exposure to H2O and visible light on Nd in polycrystalline anatase 
films.  The evolution of a steady state Nd value for 20 min annealed, illuminated TiO2 as 
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described in Section 3.4.5 prompted a “reversibility study” of sorts.  In considering the 
possible mechanisms for this change in Nd, the out-diffusion of electrically active hydrogen 
was considered as a potential cause.  By extension, exposing a steady-state sample to 
illumination in a H-rich environment could prompt Nd to rise.  100 nm TiO2 annealed for 24 
hr was prepared and cleaved in half.  One fragment was placed in H2O and illuminated; the 
other fragment was stored in the dark.   After a period of two weeks, the carrier 
concentrations of both samples were measured.  There was no obvious degradation in the 
quality of the film following H2O exposure as assessed by visual inspection.  Nd for the H2O, 
illuminated sample was 4.6 x 1016 cm-3; Nd  for the reference fragment was 7.9 x 1016 cm-3.  
This difference is slightly outside the expected run-to-run variation (± 0.5 x 1016 cm-3) in 
donor carrier concentration obtained by C-V measurements, but is otherwise unremarkable.   
 
3.5  Discussion 
Several physical phenomena should be considered in the context of the observed 
carrier concentration trends.  Some or all of these entities may contribute to the behaviors 
observed for undoped TiO2.  These include:   
1) Intragranular voids i.e., voids that may exist within grains, which can support 
electrically active defects but are unreachable by gas-phase diffusion.  In 
principle, these could disappear upon sufficient annealing and compaction. 
2) Intergranular voids i.e., voids that may exist between grains, which can support 
electrically active defects (probably with geometries similar to above) and are 
possibly reachable by gas phase diffusion.  In principle, these could also disappear 
upon sufficient annealing and compaction. 
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3) Interfaces between grains i.e., grain boundaries, which can support electrically 
active defects (with different geometries than above) and are unreachable by gas-
phase diffusion.  These interfaces do not disappear even with essentially 100% 
compaction. 
The schematic in Fig. 3.9 clarifies the terminology outlined in this list.  Intragrain voids are 
only reachable by a bulk diffusion process, usually coupled with grain boundary diffusion.  
In common parlance, a grain boundary is defined as both a solid-solid interface as well as a 
boundary between two grains with associated void volume.  Here, it is useful to distinguish 
between these two configurations.  For grains separated by a solid-solid interface, the bond 
strains, dangling bonds, and atomic arrangements near charged defects take on certain 
characteristics.  In contrast, a void volume surface (or grain boundary with a certain amount 
of porosity) likely resembles a standard free surface in terms of dangling bonds, atomic 
arrangements, etc.  The two configurations also differ with respect to their reactivity in 
catalysis.  Chemical reactants can typically reach voids between grains via gas-phase or 
liquid-phase diffusion through a network of pores and voids.  The efficiency of such 
diffusion can be quantified by parameters such as a catalyst effectiveness factor and Thiele 
modulus.  However, reactants typically reach the solid-solid interfaces between grains much 
more slowly by thermally activated site-hopping diffusion.  These interfaces are normally 
considered inaccessible in catalysis applications. 
Within this conceptual framework, changes in donor carrier concentration can be 
related to variations in charge trapped at grain boundaries.  In polycrystalline materials, the 
dominant mechanism affecting current flow is grain boundary scattering; lattice scattering 
governs current flow in undoped single crystal material.  Grain boundary potential barriers 
58 
 
are formed in polycrystalline semiconductors when the grain boundary regions have a lower 
chemical potential for majority carriers than the grains themselves.  Integration of Poisson’s 
equation yields an expression for barrier height (ΦB) at the grain boundary [46]: 
2
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where εs and ε0 are the dielectric constant of the semiconductor and permittivity of free space, 
in that order, and w is the thickness of the depleted grain boundary region.  Electroneutrality 
stipulates that there exists electric charge Q trapped at the grain boundary: 
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Rearrangement of Eqs. (3.4) and (3.5) yields an expression for Nd in terms of grain boundary 
barrier height: 
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The significance of this equation is twofold.  First, if the potential barrier at the grain 
boundary increases, Nd decreases.  Second, in terms of control mechanisms, Nd is clearly 
reduced by removing charge trapped at the grain boundary.  This has been remarked upon for 
polycrystalline ZnO; films with large carrier concentrations have low potential barriers at 
grain boundaries [47].   
 
3.5.1 Effects of film thickness and annealing time on carrier concentration 
Results of extensive experimentation showed that both annealing time and film 
thickness exerted strong effects on carrier concentration.  The fact that annealing time should 
affect carrier concentration was not surprising, as an extensive literature base shows that 
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point defects, extended defects, and film microstructure vary upon heating.  However, the 
strong effects of film thickness were less expected a priori. 
This study indicates that Nd of polycrystalline TiO2 decreases with increasing film 
thickness due to a reduction in concentration of electrically active grain boundaries.  Grain 
boundaries serve as unintentional donor defects [48] by annihilating or trapping charge 
carriers.  Furthermore, it is energetically favorable for native donor defects such as VO and 
Tii to aggregate at grain boundaries and cause an increase in n-type conductivity [49].  
Despite the minimal change in crystallite size with increasing film thickness noted in Fig. 
3.5(a), crystallite size is not a proxy for grain size and does not insinuate constant grain size 
with increasing film thickness.  Since in-plane crystallite size was unable to be determined, 
crystallite size could be changing in any direction other than the film growth direction.  
Furthermore, for a system like polycrystalline TiO2, attributing XRD peak broadening to 
changes in crystallite size alone (Section 3.3.3) may be less than ideal.  XRD line broadening 
can also arise due to strain, which is minimal for the films examined here, or changes in the 
density of crystallite defects such as stacking faults and twins [50]. 
To this end, since the intensities of the (101), (112), (200), and (211) anatase TiO2 
XRD peaks increase with film thickness (see Fig. 3.3), thicker films are more crystalline i.e., 
possess additional long-range ordering.  This increase is shown graphically in Fig. 3.10(a), 
where the intensities of three different anatase TiO2 (hkl) orientations are plotted vs. film 
thickness.  Recasting the data of Fig. 3.6(a) as a function of peak intensity instead of film 
thickness reveals a well-behaved linear dependence (Fig. 3.10(b)); Nd decreases as film 
crystallinity is enhanced.  In studies that obtain grain size by a suitable method like 
transmission electron microscopy (TEM), an increase in XRD peak intensity scales with an 
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increase in grain size [51].  In such cases, it is also acknowledged that crystallite size 
ascertained by XRD and grain size measured by TEM differ substantially 
At the same time, the slight decrease in bulk density noted in Fig. 3.5(c) may arise 
due to the appearance of electrically inactive porous features such as extended defects or 
cracks.  Further investigation of film microstructure by TEM or with a higher resolution 
SEM instrument would help confirm this conceptualization. 
Annealing of polycrystalline anatase at 550°C induces film densification that 
decreases TiO2 donor carrier concentration.  Heating for extended time causes film 
compaction and a drop in overall porosity, where porosity stems from voids in between (as 
well as perhaps within) grains.  Regardless, a reduction in total void volume minimizes the 
void volume surface area available for capture of electrically active donor defects such as VO 
and Tii.  Assuming that some fraction of grain boundaries within the bulk are not just solid-
solid interfaces but rather boundaries with associated void volumes, annealing removes 
trapped charge and, per Eq. 3.6, reduces Nd.   
XRR data analysis revealed negligible change in bulk density after approximately 
seven hours of annealing (Fig. 3.5(d)).  Indeed, for annealing times after this, Nd remained 
fairly constant.  A correlation between porosity and donor carrier concentration has been 
observed for anatase TiO2 prepared by sol-gel synthesis [52].  For films of unknown 
thickness subjected to 700°C post-annealing, Nd dropped from 1.97 x 1019 cm-3 to 9.0 x 1017 
cm-3 as post-annealing time was increased from 22 min (27% porosity) to 54 min (22% 
porosity).  The trend was not explained.  The order of magnitude change in Nd versus percent 
variation in porosity is similar to that found here.   
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3.5.2 Effects of illumination on carrier concentration 
Illumination affords another means of affecting charge trapped at grain boundary 
defects and Nd in polycrystalline TiO2.  As mentioned in Section 3.2, low-level illumination 
provides a route for altering the potential barriers in other metal oxide semiconductors such 
as ZnO [23] and SnO2 [22].  Fig. 3.8(a) showed Nd converging toward a common value 
regardless of thickness.  Critically, this points to crystallinity and grain boundary 
concentration no longer influencing Nd.  It is important to point out that the ~1.2 x 1017 cm-3 
carrier concentration arrived at upon illumination is only coincidentally equal to the steady 
state Nd arrived at upon extended annealing.  There is no implication of a shared rationale 
behind the two data sets. 
Interestingly, conduction in solar illuminated polycrystalline Si approaches that in 
monocrystalline material and is no longer affected by grain boundary size or density [53].  
This could be attributed to a change in the dominant mechanism affecting current flow in the 
bulk.  If grain boundary scattering no longer governs conduction, Nd will no longer scale with 
the charge trapped at grain boundaries.  One could envision a scenario wherein illumination 
reduces ΦB to zero via passivation of electrically active defects and dangling bonds at grain 
boundaries; Nd then reflects an intergranular free carrier concentration more so than an 
intragranular free carrier concentration.   Alternatively, illumination could create film or 
grain boundary surface states that pin the Fermi level [54].  The decrease in Nd for thin films 
and increase in Nd for thick films is consistent with both of these explanations.  If a 
fundamentally different mechanism is responsible for conduction (or lack thereof) in 
illuminated TiO2, the magnitude of Nd can be set/pinned anywhere within the band gap.  For 
TiO2 grown by CVD, Wang and co-workers saw Nd increase from approximately 1017 cm-3 to 
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1018 cm-3 upon illumination with light (of unknown intensity, ~3 hr) in the 320 to 390 nm 
range [24].  Assuming this illumination intensity and duration permitted Nd to reach steady-
state, ~1018 cm-3 reflects the concentration of lattice defects and/or surface energy states for 
their particular CVD film. 
 
3.5.3 Possible influence of electrically active hydrogen  
Given the H2O-based chemistry used for film synthesis, it is within the realm of 
possibility that hydrogen acts as a shallow donor in polycrystalline TiO2 and contributes 
discernably to Nd under certain conditions (presumably, for short annealing times) where 
electrically active hydrogen remains within the material.  Here, hydrogen content or 
evolution was not explicitly probed; some indirect evidence is obtained from the available 
materials characterization techniques. 
Since crystallization of as-synthesized amorphous material occurs rapidly at 550°C, 
excess hydroxyls from the TTIP/H2O ALD process [55] could remain in the thin film upon 
only brief heat treatment.  Fig. 3.11 shows an intriguing implication of the O 1s signal 
interpretation outlined in Section 3.4.1.  When 100 nm TiO2 (20 min anneal) is stored at 
ambient conditions, repeated XPS characterization over time suggests a substantial increase 
in the ratio of surface hydroxyl species to lattice oxygen atoms.  At the same time, bulk film 
composition (Ti:O) remains unchanged.  In theory, these trends could arise from dangling 
bonds on the film surface trapping mobile H as it exits the bulk.  That being said, per Fig. 
3.8(a), minimal week-to-week variation was noted in Nd of ~100 nm TiO2 stored in the dark 
(for which similar XPS ratio information has not been obtained).  This could point to the 
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mechanism of H evolution being irrelevant as a whole, or simply irrelevant for samples 
stored in the dark.  
Furthermore, there is no indication of whether hydroxyl species should reside within 
grains or at grain boundaries or if these species would even be electrically active.  
Deuterium-enhanced SIMS profiles together with infrared measurements confirm that Nd of 
40 nm thick polycrystalline ZnO increases upon exposure to H2 plasma due to incorporation 
of electrically active H into the film [56].  Annealing of H-injected (0001) ZnO at 600°C 
leads to a reduction in Nd [57].  The water-based TiO2 ALD process does not involve 
energetic “insertion” of H like these studies.  That being said, it cannot be ruled out that 
annealing of ALD TiO2 at 550°C induces analogous removal of H out of configurations 
where it can serve as a shallow donor, either via in-situ passivation or out-diffusion.  
 
3.5.4 Possible coupling between synthesis method and carrier concentration  
 Application of the rigorous Schottky diode metrology protocols outlined in Chapter 2 
to the determination of undoped TiO2 carrier concentration reveals that Nd is closely coupled 
to film properties such as morphology and microstructure.  Since the TiO2 atomic layer 
deposition methods and post-treatment strategies reviewed here allow substantial control and 
manipulation of Nd, there is reason to believe Nd may vary in a meaningful fashion with other 
film synthesis techniques.  While the accuracies of the n-type carrier concentrations found in 
the literature for anatase TiO2 are uncertain due to metrology complications, gross trends 
should be apparent.  For ease of evaluation, synthesis methods are grouped into four 
categories: physical vapor deposition (PVD) including sputtering, evaporation, and pulsed 
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laser deposition (PLD); molecular beam epitaxy (MBE); CVD; and solution-based including 
sol-gel and dip coating.   
Fig. 3.12(a) summarizes the literature values for Nd of undoped TiO2 averaged and 
arranged by film synthesis method.  In the same manner, Fig. 3.12(b) correlates available 
values for bulk density of undoped TiO2 to synthesis method (also available in Table 3.1).  
For both graphics, the large error bars are indicative of the substantial spread in Nd and ρ  for 
certain techniques.  Since variations in crystallinity and film thickness are disregarded for the 
purpose of this analysis, the take-home message is primarily qualitative.  For PVD 
techniques such as sputtering and evaporation, processing parameters including oxygen flow 
rate and chamber pressure dramatically affect bulk density [58, 59].  For solution-based 
methods like sol-gel, the choice of acid, base, or polymeric solution alters density by a 
comparable amount.  Neglecting MBE due to the lack of available data for bulk density, Fig. 
3.12(c) synthesizes the available literature data for Nd and ρ to evaluate a possible 
correlation.   On the whole, there is reason to believe that the wide variance of n-type carrier 
concentration values found in the literature in the case of polycrystalline TiO2 reflects, in 
part, differences in film porosity as a function of synthesis method.  Denser films should 
contain less void volume surface area available for capture of electrically active donor 
defects; Nd values are closer to 1019 cm-3 for techniques that tend to produce more porous 
films. 
 Couched in a different fashion, it may be possible to interpret trends in Nd as a 
function of synthesis method in terms of variations in kinetic energy of atoms arriving at the 
substrate.  The conductivity of diamond has been correlated to substrate temperature and 
thermal diffusivity in a manner that suggests particle kinetic energy during film deposition 
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and surface accommodation determine the physical properties of the resulting film [60].  
Deposition techniques can be separated into three thermal regimes: 
1) Thermal (0 – 0.3 eV): chemical vapor deposition, thermal evaporation, 
electrodeposition 
2) Intermediate (1 – 100 eV): ion beam sputtering, cathodic arc, laser vaporization 
3) Implantation ( > 100 eV): high energy ion implantation 
A relative low energy deposition process like CVD resulting in direct synthesis of 
polycrystalline material provides comparatively less opportunity for adatoms to move across 
the film surface.  Since ALD is designed to minimize transport limitations, competition 
between deposition and surface diffusion is reduced.  In both processes, however, the 
microstructure of the as-deposited film should be more porous.  In a process involving 
intermediate energies, ionized gas atoms are being accelerated toward the surface with a 
substantial kinetic energy.  This should cause film densification.  At the same time, it should 
also lead to removal of some atoms and increased film disorder (i.e., defect concentration) 
unless significant substrate heating during deposition is permitted. 
 
3.6 Conclusion 
The present work provides the most rigorous examination to date of undoped TiO2 
donor carrier concentration as a function of film properties and external stimuli (heating, 
light).  A correlation between film thickness and Nd is fleshed out for thicknesses of interest 
to photocatalysis, DSSCs, and gas sensors.  Physical characterization helps elucidate trends 
in Nd as a function of preparation protocol; grain boundaries and intergranular void surface 
area couple strongly to film electrical properties. Certain synthesis methods may “lock-in” 
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the range of attainable carrier concentrations due to process kinetic energy, ambient gas 
composition and pressure, and inherent microstructure and porosity.  Additional effort must 
be devoted to understanding the effects of electrically active grain boundaries on carrier 
concentration [45]; polycrystalline metal oxide semiconductors often hold the most promise 
for catalysis and sensing applications.  The body of literature pertaining to C-V 
characterization of polycrystalline Si and Ge [61, 62] should be leveraged to better 
understand the challenges of defect engineering polycrystalline TiO2 films synthesized via 
sputtering, sol-gel, and vacuum deposition methods.  Further manipulation of undoped TiO2 
Nd may be possible with annealing temperatures less than 550°C or ramp rates less than 
20°C/min that promote gradual crystallization and reduction of structural defects.  The effect 
of illumination on polycrystalline TiO2 carrier concentration should be probed in more detail, 
particularly with respect to time- and intensity-dependence. 
 
 
 
 
 
 
 
 
 
 
 
67 
 
3.7 Tables and figures 
 
Table 3.1 Available values for undoped TiO2 bulk density with corresponding film synthesis 
details. 
 
Bulk Density 
(g/cm3) Synthesis Method Thickness (nm) Crystallinity Reference 
3.68 ± 0.03 Sputtering ~232 Not given [63] 
3.67 – 4.46 Sputtering ~40 Amorphous, anatase, rutile [59] 
3.06 Evaporation 56 Not given [63] 
3.57 Evaporation 117 Not given [64] 
3.62 ± 0.2 CVD 220 Anatase [65] 
3.85 ± 0.2 PECVD 220 Mixed anatase/rutile [65] 
3.45 PECVD 137 Not given [63] 
3.38 Spin-coating (acid) 246 Anatase [66] 
3.17 Spin-coating (base) 229 Anatase [66] 
3.83 Sol-gel (acid) 62 ± 0.5 Anatase [67] 
3.0 Sol-gel (polymer) 90 ± 0.5 Anatase [67] 
2.6 ± 0.2 Sol-gel 110 ± 10 Anatase [68] 
2.9 ± 0.1 Dip coating Not given Anatase [69] 
3.25 ± 0.05 Dip coating (100% EtOH) 150 Anatase [70] 
3.5 ± 0.05 Dip coating (90% EtOH) Not given Anatase [70] 
3.45 ± 0.05 Dip coating (80% EtOH) 110 Anatase [70] 
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Fig. 3.1 (a) XPS survey spectrum of undoped TiO2 acquired with the Kratos AXIS Ultra with 
Ti, O, C, and substrate peaks labeled and (b) comparison between C 1s peak prior to and after 
Ar ion sputtering using the PHI 5400 instrument. 
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Fig. 3.2 (a) XPS spectrum of Ti 2p in undoped TiO2 and (b) angle-resolved XPS O 1s spectra 
for undoped TiO2 obtained at 90, 45, 30, and 15° take-off angle.  The relative area of the high 
BE peak (surface OH) to the low BE peak (lattice O) as a function of take-off angle is shown 
in the inset.  For reference, 90° is defined as the beam being perpendicular to the sample.  
Data obtained with the Kratos AXIS Ultra. 
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Fig. 3.3 XRD patterns of (a) 100 nm TiO2/20 min anneal, (b) 100 nm TiO2/24 hr anneal, and 
(c) 300 nm TiO2/20 min anneal with corresponding cross-sectional SEM images.  
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Fig. 3.4 Temperature programmed XRD for 100 nm, undoped TiO2 where a scan was 
acquired instantaneously after ramping to 550°C (45°C/min) and then once per hour while at 
550°C (1 hr, 19 hr shown here).  Crystallization is basically complete by the time the 
instantaneous scan is collected. 
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Fig. 3.5 Average crystallite size obtained by XRD peak fitting vs. (a) film thickness and (b) 
annealing time and bulk density obtained from XRR spectra fitting vs. (c) film thickness for 
20 min annealing time, (d) annealing time, and (e) film thickness for 24 hr annealing time. 
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Fig. 3.6 Nd vs. film thickness for (a) anatase TiO2 annealed at 550°C for 20 min and (b) 
anatase TiO2 annealed at 550°C for 24 hr.  Data for e-beam evaporated anatase TiO2 [21] are 
shown in (b) for purposes of comparison.  Nd values and corresponding error bars were 
obtained by averaging three distinct data sets acquired one week apart.  All samples were 
stored in dark. 
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Fig. 3.7 Nd vs. annealing time for 100 nm anatase TiO2.  Nd values and corresponding error 
bars were obtained by averaging two distinct data sets acquired one week apart.  All samples 
were stored in dark. 
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Fig. 3.8 (a) Nd vs. film thickness measured at t = 0, 1 week, and 2 weeks for 20 min anneal 
samples stored under fluorescent illumination and (b) change in Nd from t = 0 plotted to 
better illustrate magnitude and direction of carrier concentration change.  Full-range on the y-
axis scale corresponds to two orders of magnitude (i.e. 1016 to 1018 cm-3). 
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Fig. 3.9 Schematic of proposed polycrystalline TiO2 microstructure containing differently 
oriented grains.  The interfaces between grains are referred to as grain boundaries.  In some 
cases, intergranular voids may exist at grain boundaries.  These voids are bounded by grains 
and have an associated surface area.  Voids may also exist within individual grains; these are 
referred to as intragranular voids. 
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Fig. 3.10 (a) XRD peak intensity for (101), (200), and (211) reflections of anatase TiO2 
annealed for 20 min at 550°C vs. film thickness and (b) the Nd values from Fig. 3.6(a) recast 
as a function of (101), (200), and (211) peak height. 
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Fig. 3.11 XPS-derived ratio of surface OH species to lattice O as a function of days between 
TiO2 deposition and XPS examination (top) as well as the ratio of lattice O to Ti (bottom).  
Sample was annealed for 20 min at 550°C and stored under ambient conditions. 
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Fig. 3.12 (a) Literature values for Nd of undoped TiO2 averaged and arranged by film 
synthesis method, (b) available measurements of undoped TiO2 bulk density as a function of 
film synthesis method, and (c) proposed correlation between Nd and bulk density based on the 
available literature data. 
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Chapter 4: Doping of Polycrystalline TiO2 for 
Manipulation of Carrier Concentration* 
 
4.1 Abstract 
In direct contrast to the way in which silicon is precisely doped for integrated circuit 
applications in order to optimize device performance, there is little nuanced understanding of 
the correlation between TiO2 doping level, charge carrier concentration, and the operation of 
TiO2-based photocatalysts, dye-sensitized solar cells, and sensors.  The present work applies 
a rigorous methodology to the determination of free carrier concentration for doped TiO2 that 
is not amenable to standard metrology methods.  Cr-, Mn-, and Nb-doped polycrystalline 
anatase TiO2 are synthesized by atomic layer deposition (ALD) using Ti(OCH(CH3)2)4, H2O, 
Cr(C5H7O2)3, Mn(DPM)3 (DPM = 2,2,6,6-tetramethyl-3, 5-heptanedionato), and 
Nb(OCH2CH3)5 as the source materials for Ti, O, Cr, Mn, and Nb, respectively.  Chemical 
composition and crystallinity are investigated.  Measurements of donor carrier concentration 
are obtained for Cr-, Mn-, and Nb-doped TiO2 synthesized by ALD.  Possible causes for the 
obtained carrier concentrations are discussed. 
 
4.2 Introduction 
 There is a substantial body of literature on the doping of metal oxide semiconductors 
such as TiO2 [1, 2, 3, 4, 5, 6].  Historically, transition metals have been employed for altering 
bulk carrier concentration while non-metals such as N, C, and S are appealing candidates for  
 
* Part of this work has been published: M.C.K. Sellers and E.G. Seebauer, "Measurement method for carrier 
concentration in TiO2 via the Mott-Schottky approach," Thin Solid Films 519, 2103-2110 (2011). 
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narrowing the fundamental bandgap of TiO2 [7, 8, 9].  Unfortunately, doping for precise 
control of donor/acceptor carrier concentration (Nd/Na) is notoriously difficult due to the lack 
of readily available dopants providing shallow donor and acceptor levels [10].  Furthermore, 
as discussed in Chapter 3, TiO2 contains oxygen vacancies (VO) and/or titanium interstitials 
(Tii) that result in n-type conduction at standard temperatures and pressures.  A successful 
doping strategy must compensate for native defects present as a function of TiO2 preparation 
method and heat treatment history.   
The relative merits of doping with metallic cations versus non-metal anions have been 
studied elsewhere.  Experimental work in the mid-1990s showed that metal cation doping of 
TiO2 significantly influenced photoactivity as well as charge carrier recombination and 
interfacial electron transfer rates [11].  Such manipulation is advantageous for supported 
metal catalysis and photocatalysis.  Non-metal doping garnered increased interest around the 
same time due to concerns over thermal stability and carrier recombination centers in metal-
doped TiO2 [5].  When TiO2 is doped with an anion such as N, the band gap is narrowed and 
the material’s ability to absorb visible light increased [6].  For the applications of interest in 
this study, it is advantageous to introduce energy levels within the band gap and alter donor 
carrier concentration; non-metals are not ideal for this purpose.  
As researchers continue to develop more advanced doping techniques, many 
fundamental questions remain unanswered.  Reports that determine Nd/Na of doped TiO2 
remain difficult to compare side-by-side in even a semi-quantitative fashion; the synthesis 
methods and film thicknesses in these studies vary substantially.  At the same time, co-
doping, or the addition of more than one extrinsic atom into the TiO2 crystal lattice, is being 
undertaken with increasing frequency [12, 13, 14].  Rare earth atoms have been explored as 
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dopants due to their unique 4f electron configuration [15, 16].  Yet as these more complicated 
doping protocols are adopted, the majority of catalytic studies still continue to correlate 
acetone [17] or methylene blue [18] photodecomposition rates to dopant atomic fractions.   
 When it comes to transition metal doping of TiO2, there is evidence to suggest that di- 
and trivalent impurities such as Cr, Mn, Al, and Fe act as acceptors, while pentavalent 
impurities including Nb and V act as donors.  This is analogous to the way in which silicon 
can be doped p- and n-type via the addition of group III and group V elements.  In 
photocatalysts and dye-sensitized solar cells fabricated from TiO2, carrier concentration 
alters near-surface and/or near-interface electric fields and thus the flow of photogenerated 
charge carriers [19].  Similar principles underlie photocatalytic processes employing 
suspensions of TiO2 nanoparticles in aqueous environments.  Likewise, gas sensor detection 
capabilities depend upon background carrier concentration [20].   
It may be possible to infer the impact of a given dopant on TiO2 carrier concentration 
a priori from photoreactivity studies, for example.  Significantly enhanced visible-light 
photocatalytic activity is observed for TiO2 doped with 0.1 to 1.0 at% Cr prepared via sol-gel 
synthesis [21].  Chen et al. examined TiO2 nanoparticles doped with Cr, Mn, Fe, and V [22]; 
their report belies the importance of precise tuning of dopant composition.  In some cases, a 
“sweet spot” in the range of 0.0002 at% to 0.2 at% resulted in optimal discoloring of methyl 
orange.  Trends in dopant effectiveness are certainly identifiable; rarely does the addition of 
Fe improve the degradation of a chemical reactant upon UV exposure [23, 24].  Nb is a more 
interesting case, however, since it has been shown to increase Nd in TiO2 to approximately 
1021 cm-3 [25].  For the most part, inferior photo-induced decomposition rates are observed 
for Nb-doped TiO2 [26, 17].  This ties in with preliminary predictions correlating 
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photocurrent to TiO2 doping level [27].  A reduction in free electron concentration i.e., a 
decrease in Nd, is hypothesized to enhance the photodecomposition of 2-propanol. 
Considerations pertaining to dopant solubility should also play into the decision-
making process.  Matsumoto and co-workers examined the solubility of Cr, Mn, Fe, V, and 
several other transition metal ions in anatase and rutile TiO2 [28].  Iron has a very low 
solubility in TiO2, and may not be suitable for compensating native donor defects despite 
being trivalent [29].  In reviewing n-type dopants, there is evidence to suggest that Nb 
incorporates readily into the TiO2 lattice, in part due to proximity in size to Ti4+ [30]. 
The present work applies a rigorous methodology to the determination of free carrier 
concentration for doped TiO2 that is not amenable to standard metrology methods.  
Measurements of donor carrier concentration are obtained for Cr-, Mn-, and Nb-doped TiO2 
synthesized by ALD.  Possible causes for the obtained carrier concentrations are discussed. 
 
4.3 Methods and procedures 
TiO2 deposition, diode preparation, and electrical characterization were performed as 
described in Chapter 2.  Schottky diode structures fulfilling all criteria for accurate C-V 
measurements of carrier concentration were fabricated with InGa ohmic contacts to abraded 
0.013 Ω·cm n-Si and Al Schottky contacts to the TiO2 surface.  Details pertaining 
specifically to the deposition and characterization of doped films will be reviewed in brief. 
 
4.3.1  Atomic layer deposition of doped TiO2 
Thin film polycrystalline anatase TiO2 was synthesized by ALD and in some cases 
doped to ~2 at% with transition metals such as Cr, Mn, and Nb.  All substrates were mounted 
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on a resistively heated chuck whose temperature was maintained at 200°C during deposition 
and monitored with a chromel-alumel (type K) thermocouple.  Undoped TiO2 was deposited 
with a total of 27 cycles in order to obtain 100 nm thick films for comparison with doped 
films.   
Dopants were introduced from the vapor phase during deposition as follows.  
Cr(C5H7O2)3 (Sigma Aldrich, 99.99%), Mn(DPM)3 where (DPM) is 2,2,6,6-tetramethyl-3, 5-
heptanedionato (Strem Chemicals Inc., 99%), and Nb(OCH2CH3)5 (Sigma Aldrich, 99.95%) 
served as the source materials for Cr, Mn, and Nb, respectively.  Cr(C5H7O2)3 and 
Mn(DPM)3 are solids at room temperature, with respective melting points of 210°C and 
154°C.  These precursors were evaporated from a porous filter enclosure placed adjacent to 
the TTIP/H2O delivery tube within the vacuum chamber.  The enclosure resembles a 
refillable pouch; the inert pocket-like pouch, fabricated from thin, high porosity paper 
derived from Abaca fiber, was loaded with the solid precursor as necessary.  The supply rate 
of the dopant source was controlled by changing the distance between the enclosure and the 
heated substrate chuck.  Nb(OCH2CH3)5, a liquid at room temperature, was placed in a quartz 
crucible with a vented lid; the vapor pressure was also controlled by proximity to the heated 
chuck.  These source configurations are shown in Fig. 4.1.  Furthermore, the vapor pressures 
of Cr(C5H7O2)3 [31], Mn(DPM)3 [32], and Nb(OCH2CH3)5 [33] as a function of temperature 
are shown in Fig. 4.2. 
Thirty to forty ALD cycles were typically necessary to deposit 100 nm thick Cr-,  
Mn-, and Nb-doped films.  This increase in the number of cycles can be attributed to a 
change in the gas velocity profile when the porous filter enclosure is affixed to the delivery 
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tube (Cr, Mn) and a reduction in the number of sites available for Ti, O precursor adsorption 
due to adsorption of dopant species (Cr, Mn, Nb). 
 Following growth, all films were thermally annealed at 550°C under an ambient 
atmosphere for 24 hrs. 
 
4.3.2  Physical characterization 
Film thickness, surface chemical composition and elemental state information, SEM 
images, as well as XRD and XRR spectra were acquired as outlined in Chapter 3.  CasaXPS 
and PANalytical X-ray reflectivity software were used for XPS data processing and analysis 
and XRR data fitting, in that order. 
For doped TiO2 films, XPS depth profiling was accomplished with a PHI 5400 with 
excitation by monochromatized Al Kα radiation.  The instrument is equipped with an Ar ion 
sputtering gun capable of operating in the range of 0.5 to 5 keV.  The tool was calibrated for 
TiO2 sputtering at 3 keV.  At this setting, approximately 1.7 nm of TiO2 were etched per 
minute of sputtering.  A typical depth profiling routine involved two sweeps prior to 
sputtering, two minutes of sputtering, a sweep after the sputtering cycle, two minutes of 
sputtering, etc.   
 
4.4  Results and discussion 
4.4.1  Chemical composition 
XPS confirmed introduction of the metal dopants into the films and provided an 
estimate of surface elemental composition.  Fig. 4.3 shows the XPS spectra for the Cr 2p, Mn 
2p, and Nb 3d core-levels.  The binding energy (BE) scale has been referenced to the C 1s 
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peak at 285 eV.  Quantitative analysis indicates that Cr, Mn, and Nb doping levels of 
approximately 2 at% were obtained.   
Peaks corresponding to Cr 2p3/2 and 2p1/2 appear at 576.8 eV and 585.9 eV in Fig. 
4.3(a).  These BE values suggest that Cr is present as Cr3+ [34].  There is no evidence of 
hexavalent or tetravalent Cr; others who have identified these ions may have neglected to 
account for the O 1s satellite peak in the ~570 eV range.  In Fig. 4.3(b), the peaks at ~641.5 
eV and ~653.4 eV correspond to the Mn 2p3/2 and 2p1/2 core-levels, respectively.  As with 
similar films synthesized by plasma-assisted molecular beam epitaxy (PAMBE) [35], the 
satellite structure observed at a BE ~5 eV higher than the 2p3/2 peak suggests the presence of 
divalent Mn ions.  The Mn 2p3/2 BE values themselves indicate that Mn may also be present 
as Mn3+; a similar mixture of Mn2+ and Mn3+ ions has been proposed for Mn-doped TiO2 
fabricated via sol-gel processing [36].  The Nb 3d5/2 and 3d3/2 core-level features are located 
at 207.4 eV and 210.0 eV, as shown in Fig. 4.3(c).  The locations of the 3d peaks suggest that 
Nb is present as Nb5+ [37, 38].  Furthermore, there is no evidence for Nb4+ in the form of a 
small shoulder structure at ~206.5 eV.  This minor component has been identified in Nb-
doped TiO2 synthesized via pulsed laser deposition (PLD) [39]. 
As seen in Fig. 4.4, Ti 2p3/2 and Ti 2p1/2 peaks are situated at 458.6 and 464.3 eV for 
undoped TiO2 and shift by ~0.3 eV in all doped films.  The change in BE of the Ti 2p peaks 
relative to those of metallic Ti and 5.7 eV line separation between Ti 2p3/2 and Ti 2p1/2 
indicates that Ti atoms are in the +4 oxidation state [40].  The shift towards lower BE and 
slight peak broadening in the doped films is caused by Ti4+ ions releasing extra electrons in 
order to reestablish charge equilibrium following dopant incorporation [34].   
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Since the dopants are incorporated into the TiO2 during the film deposition process, it 
is important to examine their composition not only on the surface but also in the bulk.  For 
this purpose, XPS depth profiling was carried out.  Shown in Fig. 4.5 are 3-D area plots of Cr 
2p in Cr-doped TiO2, Mn 2p in Mn-doped TiO2, and Nb 3d in Nb-doped TiO2, respectively.  
Two full sweeps were carried out prior to sputtering (labeled “surface”); these are 
comparable to the spectra presented in Fig. 4.3, although of weaker intensity due to the 
different instrumentation used for data collection.  Spectra were then acquired sequentially 
after consecutive two minute sputtering cycles (for a total of 8 cycles per sample).  For Cr-
doped TiO2, sputtering reduces the intensity of the 2p1/2 peak as seen in Fig. 4.5(a); the entire 
spectrum also shifts toward lower BE.  The Mn 2p spectrum changes in a similar fashion 
(Fig. 4.5(b)).  The shift in BE is attributed to local reduction of TiO2 via preferential 
sputtering of oxygen with the Ar ion beam [41].  In Fig. 4.5(c), the shape of the Nb 3d 
doublet changes substantially upon sputtering.  Reduction prompts the evolution of a peak 
corresponding to pure Nb metal [42].  Most importantly, however, after initial changes in all 
spectral features due to sputtering, there is little change in the intensity of the constituent 
peaks from sputtering cycle to sputtering cycle.  This indicates that dopant composition 
remains relatively unvarying from the TiO2 free surface to the TiO2/Si interface.  
 
4.4.2  Morphology and crystallinity 
Fig. 4.6 shows cross-sectional SEM micrographs of undoped, Cr-doped, Mn-doped, 
and Nb-doped TiO2 as deposited.  The underlying Si substrate can be distinguished by 
slightly darker coloration.  The micrographs show that the undoped TiO2 film (Fig. 4.6(a)) is 
densely packed with extremely small granular features on the order of 5 nm and a mostly 
94 
 
indiscernible void volume.  In contrast, the Cr- and Mn-doped TiO2 films (Figs. 4.6(b) and 
4.6(c)) are composed of easily identifiable, round crystallites with an average size of ~20 to 
40 nm.  Doping clearly increases the number of visible grain boundaries and induces slight 
surface roughening.  The morphology of the Nb-doped TiO2 film (Fig. 4.6(d)) comprises 
vaguely columnar, merged crystallites with a reduced visible void fraction and merging in the 
lateral direction. 
Fig. 4.7(a) shows XRD patterns for undoped, Cr-, Mn-, and Nb-doped TiO2.  The 
undoped pattern corresponds to polycrystalline anatase with slight preferential (101) 
crystallographic orientation (JCPDS card No. 21-1272).  Doped films are still anatase in 
structure and no secondary phases are discernable.  A slight downward shift in the position of 
the (101) diffraction peak is observed in each case.  Since the positions of diffraction peaks 
are governed by the spacing between planes of atoms, a shift in peak position suggests a 
change in interplanar spacing i.e., lattice parameter.  In the case of doped material, Vegard’s 
law can be invoked.  Simply, it argues that unit cell parameters should vary linearly with 
composition for a continuous substitutional solid solution in which atoms or ions that 
substitute for each other are randomly distributed.  In Fig. 4.7(b), c-axis lattice parameter is 
plotted as a function of Ti (undoped material) or dopant (doped material) ionic radius where 
the radii for Ti4+, Cr3+, Mn3+, and Nb5+ are 0.61, 0.62, 0.58, and 0.64 Å, in that order [43].  
The linear correlation suggests that dopant atoms are most likely incorporated at lattice Ti4+ 
sites.  The comparatively larger (smaller) ionic radii cause an expansion (contraction) of the 
crystal lattice and concordant shift in the TiO2 (101) diffraction peak to a smaller (larger) 
angle.   
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Fig. 4.8 shows XRR curves for the same films.  All curves show fringes characteristic 
of a well correlated upper and lower surface.  Fringe period and amplitude depend on film 
thickness and surface and interface roughness, respectively.  A decrease in the fringe 
amplitude indicates an increase in roughness; qualitatively, the roughness increases 
according to undoped TiO2 > Nb-doped TiO2 > Mn-doped TiO2  > Cr-doped TiO2.  
Analysis of XRD peak profiles using a size-only fitting model yields an average 
crystallite size in the film growth direction of 20 – 45 nm.  As indicated in Fig. 4.9, Cr and 
Mn doping cause a reduction in crystallite size of ~15 nm in comparison to undoped material.  
Nb doping, on the other hand, results in a slight rise in crystallite size to approximately 45 
nm.  XRR spectra fitting shows an increase in TiO2 bulk density (initially 3.64 g/cm3) upon 
doping.  For comparison, the bulk density of single crystal anatase is 3.89 g/cm3.  To some 
extent, the trend in density as a function of dopant mirrors that of crystallite size.  This 
suggests, somewhat intuitively, that smaller crystallites allow for closer packing and a 
reduction in film void volume.  It is important to consider the implications of this result in the 
context of defect engineering via doping.  While dopants can introduce donor/acceptor 
energy levels in the band gap that alter bulk electronic properties, other distinct effects on 
carrier concentration can arise that are difficult to deconvolve.  These include dopant-induced 
changes in electrically active defects at grain boundaries or void volumes, as well as changes 
in the structure or concentrations of charges residing in extended defects such as 
crystallographic shear planes.  
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4.4.3 Influence of doping on carrier concentration 
 Fig. 4.10(a) shows C-V curves for undoped, Cr-, Mn-, and Nb-doped TiO2 Schottky 
diode structures.  In all cases, the capacitance increases with decreasing positive voltage until 
reaching a maximum in the accumulation region, which is labeled in the figure.  Fig. 4.10(b) 
shows the same data in conventional Mott-Schottky format (C-2 vs. V).  Table 4.1 gives the 
calculated donor carrier concentration values for the diodes along with the corresponding 
values of n, Rs, and ΦB.  As reported in Chapter 2, Nd equals 8.3 ± 0.2 x 1016 cm-3 for the 
undoped TiO2 film; the donor carrier concentrations for the Cr-, Mn-, and Nb-doped TiO2 are 
3.2 ± 0.1 x 1017 cm-3, 1.9 ± 0.1 x 1016 cm-3, and 7.3 ± 0.2 x 1016 cm-3, respectively.  Estimates 
of standard error are obtained by computation of least squares curve fits of C-2 vs. V in the 
linear depletion region. 
 To better illustrate the scope of carrier concentration manipulation made possible by 
doping of 100 nm TiO2, these Nd values are compared to those of undoped TiO2 (~60 nm to 
280 nm) in Fig. 4.11.  Cr and Mn raise and lower Nd by about half an order of magnitude, 
respectively.  The carrier concentration in Nb-doped TiO2 changes only minimally.  Carrier 
concentration measurements have not been made for undoped TiO2 films thinner than 60 nm; 
it is unlikely, however, that further reduction in film thickness would increase Nd to the 3.2 x 
1017 cm-3 level of Cr-doped TiO2.  On the other hand, Nd for 100 nm Mn-doped TiO2 is about 
equal to that of 130 nm undoped TiO2. 
 Some attempt can be made to rationalize the carrier concentration values for doped 
TiO2, although the existing literature base prohibits facile identification of trends in Nd (and 
Na) as a function of dopant type and atomic fraction.  Table 4.2 summarizes carrier 
concentration values found in the literature for anatase TiO2 doped with Cr and Mn.  
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Comparable data for Nb-doped TiO2 appears in Table 4.3.  It is difficult to comment on the 
accuracy of these respective measurements given the available metrology protocol details, 
although the order of magnitude differences in carrier concentration apparent for Nb-doped 
TiO2 probably correspond to real differences in dopant electrical activation.  Ideally, a 
substitutional dopant in the TiO2 crystal lattice donates free electrons or holes that change the 
overall conductance of the TiO2; this type of dopant is referred to as “electrically active.”  
Electrical inactivity, or a negligible change in conductance despite donor/acceptor doping, 
may arise from clustering of dopant atoms at grain boundaries, within bulk crystallites as 
with interstitial clusters of B in Si [44], or compensation by charged native defects [45].   
Here, in-situ Cr-doping at the 2 at% level results in a slight increase in carrier 
concentration from the undoped case.  A donor carrier concentration of 1.5 – 1.75 x 1019 cm-3 
was reported for 45 nm, 8 at% Cr-doped TiO2 synthesized via PAMBE [46]; the same study 
does not provide a value of Nd for undoped material.  Radecka and co-workers report Nd 
values of ~1.8 x 1019 cm-3, 3 x 1018 cm-3, and 1.3 x 1018 cm-3 for 300 – 350 nm TiO2 
deposited by sputtering with 2.8, 4.4, and 7.6 at% Cr, in that order [47].  The donor carrier 
concentration of their undoped material prepared in a similar fashion was 5.5 x 1018 cm-3.  
Fig. 4.12(a) presents these literature values for Nd of Cr-doped TiO2 as a function of film 
thickness.  The presence of the Cr3+ ion in the anatase TiO2 lattice certainly does not induce 
p-type conductivity, as might be expected for a trivalent dopant atom.  However, recent total 
energy calculations employing the local density approximation identify CrTi as a deep donor 
in anatase TiO2 with an ionization level ~0.31 eV below the conduction band minimum 
(CBM) [48].   
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For the material synthesized in this study, Nd drops by almost an order of magnitude 
upon ~2 at% Mn doping, although n-type conductivity persists.  TiO2 grown by PAMBE and 
doped with 7 at% Mn exhibits p-type (Na = 1.24 x 1017 cm-3) rather than n-type behavior 
according to Li et al. [35], who also determined the carrier concentration of undoped TiO2 
via Hall effect measurements (Nd = 7.7 x 1016 cm-3).  Mn-doped rutile TiO2 synthesized by 
sol-gel method is p-type with a carrier concentration of ~1019 cm-3 for 2.5 to 8.3 at% Mn; an 
undoped film synthesized identically was n-type with Nd equal to 3 x 1018 cm-3 [49].  Indeed, 
a density functional theory (DFT) study reports defect levels at Ev + 0.16 eV, Ev + 0.28 eV, 
and Ev + 0.52 eV for a structural model incorporating MnTi [50]; the proximity of these levels 
to the valence band maximum agrees with substitutional Mn acting as an acceptor defect.  
The literature-derived acceptor carrier concentrations for Mn-doped TiO2 are shown in Fig. 
4.12(b) as a function of film thickness.   
In this study, lack of p-type conductivity in ALD films could occur due to MnTi 
compensation by native donor defects or segregation of electrically active Mn3+ to voids 
between or within crystallites.  Consequently, the incorporation of additional Mn during film 
synthesis might further reduce Nd or, possibly, lead to p-type conductivity.  Interestingly, 
however, for both of the experimental studies described above, Mn-doped TiO2 was 
subjected to a reducing treatment.  Li and co-workers [35] thermally annealed the PAMBE 
film at 600°C and 2 x 10-8 Torr for 30 minutes while Kim et al. [49] subjected the sol-gel 
films to 4 hours of annealing at 600°C and a pressure of 10-3 Torr.  Little is known about the 
defect chemistry of Mn-doped TiO2.  It is worth considering the possibility that reduction 
increases the concentration of VO or Tii available for complexing with Mn ions; perhaps p-
type conductivity arises due to point defects other than MnTi. 
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ALD synthesis results in minimal change in Nd of TiO2 with Nb doping.  Of all the 
dopants considered here, Nb has been studied most frequently.  Fig. 4.13 includes literature 
values for Nd of Nb-doped TiO2 as a function of film thickness.  For the purposes of this 
analysis, the influence of atomic fraction of Nb is neglected.  In all cases, however, it is less 
than 6 at%.  The vast majority of the data points correspond to films synthesized by physical 
vapor deposition (PVD) techniques such as PLD or sputtering.  Furubayashi et al., [25], 
Hitosugi et al. [38], and Dabney et al. [51] are just a few of the laboratories who synthesize 
Nb-doped TiO2 using PVD and report high carrier concentration values on the order of 1020 
cm-3 to 1021 cm-3.  In contrast, the isolated Nd values for Nb-doped TiO2 grown by chemical 
vapor deposition (CVD) [52] and sol-gel [53] are in the 1017 cm-3 to 1018 cm-3 range. 
 The processing parameters that cause Nd for undoped, polycrystalline TiO2 
synthesized by PVD to vary widely have already been discussed in Chapter 3.  For doped 
films produced by PVD, oxygen flow rate and partial pressure during growth will similarly 
affect both the bulk density and the concentration of native defects.  When Nb5+ ions are 
added to the TiO2 crystal lattice, Nb should readily substitute for Ti atoms due to is 
comparable ionic radius and act as a donor defect.  DFT calculations reveal that a NbTi-VO 
complex is relatively stable and also a donor defect in the bulk [54].  Each NbTi-VO complex 
emits one electron and introduces an impurity state below the CBM, the exact location of 
which is unclear.  Experimental evidence of this structure exists in the form of Nb 3d XPS 
spectra with contributions from both Nb5+ and Nb4+ ions [39].  The NbTi-VO complex 
converts the charge state of Nb from 5+ to 4+ while the number of emitted electrons remains 
the same.  Both NbTi and NbTi-VO donor defects exist in Nb-doped TiO2 synthesized by PVD, 
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although the number of carriers contributed by the Nb atoms should be the same regardless 
of which form the Nb assumes.   
In the case that a highly n-type Nb-doped film is annealed in O2 ambient, Nd drops by 
approximately two orders of magnitude as oxygen from the gas phase annihilates O 
vacancies.  This annihilation reduces the concentration of the NbTi-VO complex, leaving 
behind isolated NbTi. This causes Nb4+ ions to disappear.  The change is induced by oxygen 
interstitial formation [55]; these acceptor-type defects annihilate bulk oxygen vacancies.  In 
Fig. 4.3(c), no evidence of Nb4+ is found.  Thus, in the present material, NbTi-VO is not 
expected to contribute substantially to conduction in the bulk.  Since the 550°C annealing 
performed here is carried out under ambient conditions, it is unlikely that oxygen interstitials 
compensate for NbTi to any sizeable extent.  Although it is worth noting that oxygen 
interstitials exist in rutile TiO2 at pressures as high as 10-5 Torr [45].  Rather, as reinforced by 
the data in Fig. 4.13, Nb may be electrically inactive in ALD-synthesized material due to 
inherent film porosity and the tendency for dopant atoms to segregate to internal voids. 
Extended defects incorporating multiple electrically active Nb atoms are also a possibility, 
although it is not clear why such defects should form in material grown by ALD vs. other 
synthesis methods that lead to high carrier concentrations. 
 
4.5  Conclusion 
The doping science of metal oxide semiconductors such as TiO2 is hardly 
straightforward.  As a consequence, TiO2 “device” performance is typically correlated to 
atomic percentage of dopant in the bulk [56, 57].  For the first time, the influence of 
transition metal doping on the carrier concentration of TiO2 synthesized by ALD has been 
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examined.  The addition of Cr and Mn afford an order of magnitude variation in Nd over that 
of undoped TiO2.  That being said, the prospect of further tuning the carrier concentration of 
TiO2 prepared by ALD seems remote due to compensation by native donor defects and 
complications arising from voids and grain boundaries in the bulk.  There is still much to be 
learned about the energy levels of impurity atoms [10] and the exact way in which these 
species alter the electrical properties of TiO2 possessing complex microstructure and native 
donor defects.  Electrical activation of dopants incorporated during ALD has been studied 
only recently for ZnO [58, 59, 60]; no other reports of this nature exist for TiO2.  With 
respect to metrology for determination of carrier concentration, Schottky diode contact 
metals and preparation protocols must be compatible with changes in bulk Fermi level due to 
n- and p-type doping.  C-V measurements can be used to obtain accurate values of carrier 
concentration in n- and p-type metal oxide semiconductors, although, as shown in Chapter 2, 
thorough device-like characterization of Schottky diode test structures and judicious selection 
of contact metals and surface/interface preparation methods are necessary. 
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4.6 Tables and figures 
 
 
Table 4.1 Doping dependence of TiO2 carrier concentration and diode parameters. 
 
Dopant Nd (cm-3) n Rs (kΩ) ΦB (eV) 
(Undoped) 8.3 ± 0.2 x 1016 1.6 0.90 0.60 
Cr 3.2 ± 0.1 x 1017 1.7 0.87 0.71 
Mn 1.9 ± 0.1 x 1016 1.6 0.90 0.79 
Nb 7.3 ± 0.2 x 1016 1.7 0.92 1.0 
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Table 4.2 Literature values of Cr- and Mn-doped TiO2 carrier concentration.  Unless 
indicated, film is n-type and donor carrier concentration Nd is reported. 
 
Reported 
Nd/Na (cm-3) 
Dopant, At% Synthesis Method 
Thickness 
(nm) 
Metrology 
Method Reference 
3 x 1018 Cr, 4.4 at% Sputtering ~325 C-V [47] 
1.3 x 1019 Cr, 7.6 at% Sputtering ~325 C-V [47] 
1.5 x 1019 to  
1.75 x 1019 Cr, 8 at% PAMBE 45 Hall effect [46] 
1.89 x 1019 Cr, 2.8 at% Sputtering ~325 C-V [47] 
1.24 x 1017  
(p-type) Mn, 7 at% PAMBE 100 Hall effect [35] 
7.0 x 1018  
(p-type) Mn, 2.5 at% Sol-gel 1000 Hall effect [49] 
7.0 x 1018  
(p-type) Mn, 8.3 at% Sol-gel 1000 Hall effect [49] 
9.0 x 1018  
(p-type) Mn, 5.6 at% Sol-gel 1000 Hall effect [49] 
1.0 x 1019  
2.0 (p-type) Mn, 3.9 at% Sol-gel 1000 Hall effect [49] 
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Table 4.3 Literature values of Nb-doped TiO2 carrier concentration. 
 
Reported Nd 
(cm-3) Nb At% 
Synthesis 
Method 
Thickness 
(nm) 
Metrology 
Method Reference 
2.3 x 1017 6 at% Sol-gel 150 Hall Effect [53] 
1.6 x 1018 5 at% CVD 250 C-V [52] 
2 x 1018 to 7 x 
1018 5 at% PLD 110 Hall Effect [51] 
1.12 x 1019 0.22 at% PLD 40 Hall Effect [25] 
6.5 x 1019 6 at% PLD 15 Probe station [61] 
8.13 x 1019 0.55 at% PLD 40 Hall Effect [25] 
9.0 x 1019 6 at% PLD 18 Probe station [61] 
1.5 x 1020 6 at% PLD 22 Probe station [61] 
2.35 x 1020 1.2 at% PLD 40 Hall Effect [25] 
2.4 x 1020 3 at% Sputtering 150 Hall Effect [62] 
5.0 x 1020 2 at% PLD 150 Hall Effect [63] 
5 x 1020 to 1 x 
1021 5 at% PLD 110 Hall Effect [51] 
7.96 x 1020 3.3 at% PLD 40 Hall Effect [25] 
1.0 x 1021 6 at% PLD 32 Probe station [61] 
1.21 x 1021 5 at% PLD 60 Hall Effect [30] 
1.3 x 1021 6.4 at% Sputtering 400 Hall Effect [64] 
1.5 x 1021 6 at% PLD 100 Hall Effect [38] 
1.64 x 1021 6.6 at% PLD 40 Hall Effect [25] 
1.7 x 1021 6 at% Sputtering 135 van der Pauw method, HE [65] 
2.0 x 1021 6 at% PLD 38 Probe station [61] 
2.17 x 1021 11 at% PLD 40 Hall Effect [25] 
3.24 x 1021 18 at% PLD 40 Hall Effect [25] 
4.56 x 1021 37 at% PLD 40 Hall Effect [25] 
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Fig. 4.1 Schematic depicting the low-pressure vacuum chamber for ALD of doped TiO2. 
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Fig. 4.2 Vapor pressure of Cr, Mn, and Nb precursors as a function of temperature. 
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Fig. 4.3 XPS spectra of TM-doped TiO2 films obtained with the Kratos AXIS Ultra: (a) Cr 
2p in Cr-doped TiO2, (b) Mn 2p in Mn-doped TiO2, and (c) Nb 3d in Nb-doped TiO2.   
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Fig. 4.4 XPS spectra showing Ti 2p3/2 and Ti 2p1/2 core-levels situated at 458.6 and 464.3 eV 
for undoped TiO2 and shifting by ~0.3 eV in all doped films.  Data also obtained with the 
Kratos AXIS Ultra. 
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Fig. 4.5 XPS depth profiles of doped TiO2 films obtained with the PHI 5400: (a) Cr 2p in Cr-
doped TiO2, (b) Mn 2p in Mn-doped TiO2, and (c) Nb 3d in Nb-doped TiO2.   
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Fig. 4.6 SEM images of (a) undoped, (b) Cr-, (c) Mn-, and (d) Nb-doped TiO2 films 
exhibiting variations in morphology and void fraction. 
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Fig. 4.7 (a) XRD patterns of undoped, Cr-, Mn-, and Nb-doped TiO2 films showing anatase 
structure with (101), (112), and (200) reflections and (b) c-axis lattice constant versus dopant 
ionic radius demonstrating adherence to Vegard’s law. 
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Fig. 4.8 XRR data for the undoped, Cr-, Mn-, and Nb-doped TiO2 films exhibiting well-
defined fringes.   
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Fig. 4.9 Average crystallite size obtained by XRD peak fitting (left axis, scatter plot) and 
bulk density obtained from XRR spectra fitting (right axis, bar graph) for undoped, Cr-, Mn-, 
and Nb-doped TiO2. 
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Fig. 4.10 (a) Dependence of capacitance upon voltage for various doping types. Voltage 
ranges leading to accumulation, depletion, and inversion at the TiO2-metal contact are 
shown.  Only the data taken under the depletion condition are useful for calculating carrier 
concentration.  (b) The data in (a) plotted in conventional Mott-Schottky form.  The plots are 
recorded at 1 MHz.  For the bias voltage polarity used with these diode structures, a positive 
slope indicates n-type behavior. 
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Fig. 4.11 Comparison between Nd values for undoped TiO2 of varying thickness (550°C 
anneal, 24 hr) with Nd values of ~100 nm Cr-, Mn-, and Nb-doped TiO2. 
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Fig. 4.12 Literature values for (a) Nd of Cr-doped and (b) Na of Mn-doped TiO2 plotted 
against film thickness.  At% Cr is labeled on the figure; Mn doping fraction varies from 2.5 
to 8.3 at%. 
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Fig. 4.13 Literature values for Nd of Nb-doped TiO2 plotted against film thickness.  In this 
graph, report-to-report variations in at% Nb are neglected; all films contain less than 6 at% 
Nb, however.  The CVD and sol-gel data points come from [52] and [53], in that order. 
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Chapter 5: Transient Behavior of Defects at 
TiO2 Interfaces 
 
5.1 Abstract 
Buried solid-solid interfaces of metal oxides in thin film structures are arising with 
increasing frequency in electronics applications such as memory resistors and dye-sensitized 
solar cells.  Yet certain electrical properties of these interfaces, such as the degree of fixed 
charge buildup, can be difficult to characterize. This charge buildup can be very sample-
dependent for some oxides, and depend on only a small fraction of the total surface sites (< 1 
x 10-3).  Photoreflectance (PR), a type of optical modulation spectroscopy, can be utilized to 
detect and sometimes quantify the presence of electric fields near solid-solid interfaces as 
long as the overlayer is transparent to the probe light.  The present work describes the 
applicability of PR to characterizing metal oxide interfaces using thin film TiO2 as an 
example metal oxide.  The approach involves the synthesis of thin film polycrystalline 
anatase TiO2 on Si(100) and quartz by atomic layer deposition (ALD) with Ti(OCH(CH3)2)4 
and H2O as precursors.  PR is utilized to examine the surface and interface electric fields as a 
function of substrate material and microstructure.  Spectra reveal the existence of distinct 
transient effects evolving on several different time scales.  A several week effect shows up as 
a decrease in overall PR signal amplitude and could arise from a change in bulk carrier 
concentration or chemical reaction at the solid interface.  Faster temporal effects manifest as 
a sloping PR signal baseline and spectral phase change and are attributed to charge exchange 
between surface/interface/grain boundary states and the bulk bands. 
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5.2 Introduction 
Conventional and photonic integrated circuits employ silicon in close proximity to 
functional silicon oxide and nitride layers.  As device length scales shrink according to 
Moore’s Law, interfaces between these sorts of disparate materials are growing ever-closer to 
bulk regions.  Consequently, the performance of transistors and interconnect structures are 
increasingly influenced by defects and fixed charge at solid-solid interfaces.  Non-traditional 
“devices” such as memory resistors [1] and dye-sensitized solar cells (DSSCs) [2] 
comprising metal oxide semiconductors like TiO2 are similarly affected.  Nevertheless, 
phenomena at metal oxide interfaces are comparatively less well-characterized.  In order to 
further tune device performance, rates of bulk-interface charge exchange must be better 
characterized.  Additionally, metrology challenges must be overcome to allow for real-time, 
contactless characterization of metal oxide-substrate and metal oxide-metal junctions. 
TiO2 is one of the more attractive material options for next-generation non-volatile 
memory.  Current charge-based memories will soon be prohibitive at the length scales 
targeted by integrated circuit manufacturers.  An ideal, non-charge-based alternative will be 
not only denser and faster, but also less energy-consuming.  Since the 1970s, the existence of 
a fundamental, two-terminal circuit element complementary to the resistor, conductor, and 
capacitor, has been postulated.  The missing memory resistor (or memristor) was found in 
2008 by physicists at HP Labs [3].  Conceptually, it is a two-terminal device whose 
resistance depends on the magnitude and polarity of the voltage applied to it and the length of 
time that the voltage has been applied [1].  Functioning devices have been fabricated as 
multi-layer stacks incorporating Si, SiO2, Pt, and TiO2.  Understanding the physical 
mechanism behind the fast resistive switching in TiO2-based memristors is critical to device 
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optimization.  Preliminary studies suggest that fast switching is accomplished by the 
formation of conductive nanofilaments within the TiO2 layer that exists sandwiched between 
top and bottom Pt electrodes [4].  Transmission electron microscopy has been used to probe 
the formation and disruption of these unique Magneli phase filaments.  In such a scenario, 
close coupling exists between the built-in electric field at the TiO2-Pt interface and memristor 
switching speed.  The formation of the conductive filaments themselves depends on an 
oxygen vacancy-assisted tunneling processes and the breakdown of interfacial oxide [5]. 
Metal oxide semiconductors are also appealing for integration into photovoltaics such 
as DSSCs.  Nanocrystalline materials are substantially more economical than the silicon-
based solid-state junction devices that have historically dominated the photovoltaic market.  
New systems replace the contacting phase to the semiconductor with an electrolyte, liquid, 
gel, or solid in order to form a photo-electrochemical cell [6].  Specifically, a DSSC consists 
of a wide-band gap polycrystalline semiconductor such as TiO2 or ZnO decorated with a 
monolayer of dye.  Upon photoexcitation, the dye injects an electron into the conduction 
band of the oxide.  Equilibrium is re-established by charge transfer from the adjacent 
electrolyte.  A constant regenerative process allows for the generation of electric power from 
incident light.  It is important to realize that the TiO2-dye interface is not the only interface 
that affects power generation.  Modeling results suggest that a built-in electric field at the 
TiO2-substrate interface significantly affects DSSC performance [7]. 
There is a limited cadre of techniques suitable for evaluating defects and fixed charge 
at solid-solid interfaces.  Electron beam induced current (EBIC) is a scanning electron 
microscopy imaging mode that localizes regions of Fermi level transition.  It is primarily 
used to identify buried diffusions and semiconductors defects [8] that produce local 
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variations in Fermi levels or built-in potentials [9].  These features can enhance or diminish 
recombination current and thus alter the collected EBIC signal.  EBIC is not an ideal choice 
for studying surfaces and interfaces since it requires the formation of electrical contact to the 
sample.  Additionally, an external scan control generator is required to convert the qualitative 
contrast image produced directly from the EBIC signal into quantitative results.  The 
contactless second harmonic generation technique has also been proven sensitive to electric 
fields at deeply buried interfaces [10].  It exploits the tendency of asymmetrical surfaces and 
interfaces to generate light at a frequency twice that of the incident light.  While it has been 
used to study silicon on interface (SOI) wafers [11], it is only suitable for bulk materials that 
are centrosymmetric and often requires several weeks to collect a single spectrum [12]. 
Photoreflectance (PR) is one of a class of modulation spectroscopies in which the 
temperature, applied stress, electric or magnetic field of a semiconductor sample is 
periodically perturbed, and the resulting small change in dielectric constant is detected by 
reflectance [13, 14].  Electroreflectance (ER) is another type of electromodulation wherein 
normalized reflectance changes result from electric field modulation accomplished by the 
application of voltage to contacts attached to the sample [15].  ER is capable of yielding 
information about the energy gap of semiconducting materials, as well as the energies of 
optical transitions.  Unlike PR, this method is traditionally not contactless and requires a 
Schottky barrier or a semiconductor electrolyte junction [16].  A contactless ER method has 
been developed more recently [17, 18], but requires the use of a confined geometry that is not 
well-suited to UHV or heating [19]. 
The principle behind PR is shown in Fig. 5.1.  The semiconductor sample is 
periodically perturbed with a chopped laser beam having hν greater than the fundamental 
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bandgap energy Eg.  Photogenerated minority charge carriers migrate to the interface and 
recombine with charge stored there.  The resulting change in built-in electric field affects the 
surface reflectance R in narrow regions of wavelength corresponding to optical transitions of 
the material under examination.  The small reflectance change ΔR/R exhibits a spectral 
dependence that is monitored with a weaker, independent probe beam using phase-sensitive 
detection.  The presence of a nonzero PR spectrum demonstrates unequivocally the existence 
of surface band bending [20].  The amplitude of the spectrum increases as electric field 
increases.  Thus, the degree of band bending can be inferred from trends in ΔR/R with respect 
to time, heat, or temperature.  For instance, the decay in PR signal at the Si/SiO2 interface 
upon 250°C annealing (Fig. 5.2) corresponds to the healing of charged defects present at the 
interface and a concurrent decrease in electric field.  For spectra of suitable intensity and 
lineshape, fitting using the classical third-derivative functional form expected for 
electromodulation spectroscopies [21] yields quantitative information about surface potential. 
Metal oxide semiconductor surfaces and interfaces have not been studied extensively 
with either photoreflectance or electroreflectance.  For the case of ZnO, PR and ER 
investigations focus on bulk electronic band structure [22, 23, 24].  For instance, the Franz-
Keldysh oscillations present in PR spectra of ZnO have not been studied to characterize the 
surface Fermi level, surface electric field, or density of surface states.   
The only available TiO2 modulation spectroscopy studies employ electrolyte 
electroreflectance; photoreflectance has not been demonstrated.  Illuminated single crystal 
rutile TiO2 (n-type, 1017 cm-3) in contact with 0.5M Na2SO4 exhibits band unpinning for 
certain photocurrent values (< 2 µA/cm2) [25].  Changes in flatband voltage are discussed in 
the context of local pH changes and hole trapping at surface states.  Boschloo and co-workers 
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examined ~200 nm polycrystalline anatase TiO2 deposited on indium tin oxide (ITO) using 
chemical vapor deposition (CVD) [26].  Their spectra were obtained at 80 Hz and 100 mV 
rms as a function of applied DC potential.  At 0V bias, they found a critical point of 3.8 eV 
with a broadening factor of 0.2 eV that they ascribed to a direct optical transition of anatase 
TiO2.  In comparing these results to the dielectric-function spectra measured by Karunagaran 
et al. [27], the aforementioned critical point likely corresponds to the E1 + Λ1 critical point 
structure noted at 3.9 eV, which arises due to spin-orbit splitting of the valence band in the 
Λ-direction.  Kulak et al. obtained ER spectra for 100 nm films of amorphous (300°C 
anneal), anatase (450°C anneal), and mixed anatase-rutile (700°C anneal) TiO2 prepared by 
hydrolysis of poly(butyl titrate) [28].  Annealing induced an intense signal in the 2.4 to 3.0 
eV range; the response was attributed to localized surface and grain boundary electronic 
states. 
 The present work describes the applicability of PR to characterizing metal oxide 
interfaces using thin film TiO2 as an example metal oxide.  The approach involves the 
synthesis of thin film polycrystalline anatase TiO2 on Si(100) and quartz by ALD with 
Ti(OCH(CH3)2)4 and H2O as precursors.  PR is utilized to examine surface and interface 
electric fields as a function of substrate material and microstructure.   
 
5.3 Methods and procedures 
A schematic diagram of the general experimental setup for photoreflectance is shown 
in Fig. 5.3.  The apparatus has been described previously [29], and the details of the 
apparatus automation including stepper motor control and data collection remain the same.  
130 
 
The changes made to the experiment in order to successfully obtain and analyze spectra from 
TiO2 will be discussed in more detail. 
The apparatus was set up in “benchtop configuration;” experiments were not 
performed under vacuum as in [30] or [31].  PR scans were collected at room temperature.  
The signal acquired at room temperature was already relatively small and PR spectral 
amplitude should decrease rapidly with increasing temperature due to thermal free carrier 
generation. 
 
5.3.1 Optics and lasers 
When examining TiO2, BK-7 optics were used for both the pump and probe beam 
optical trains; these act as filters for the pump beam photons to prevent saturation of the 
detector.  UV grade fused-silica lenses afford far greater UV transmission and do not 
fluoresce under UV light (for wavelengths longer than 290 nm). 
Monochromatic light was directed through two plano-convex lenses and focused on 
the sample at a 45º angle of incidence.  The beam was expanded horizontally by a LUP-50.0-
93.9-UV Melles Griot fused silica lens with focal length of 200.0 mm and diameter of 50 
mm; vertical expansion was accomplished by a LUP-50.0-82.2-UV Melles Griot fused silica 
lens with focal length 175 mm and diameter of 50 mm.  The illuminated area of the sample 
was approximately 1.7 cm x 1.7 cm after beam expansion. 
An additional LUP-50.0-82.2-UV plano-convex lens was inserted after the sample 
mount to focus the reflected probe beam on the Si photodiode detector.  A blue filter was also 
present inside the photodiode assembly at all times.  When the light reflected back from the 
sample is focused on the detector, the entire assembly can be moved up/down and left/right 
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in order to optimize the collection of light/signal.  Focusing is accomplished by moving the 
assembly forward and backward on the slide rail.   
For all studies described here, a Hamamatsu S1336-44BK photodiode was utilized.  
Fig. 5.4(a) shows the wiring and connections for the photodiode assembly.  The Hamamatsu 
photodiode is sufficient for use with wavelengths above 325 nm.  For wavelengths below 325 
nm, a UV enhanced photodiode Pacific Silicon Sensor PR33-2-TO8 with area of 5.5 mm x 
6.1 mm is available.  The UV enhanced photodiode has high sensitivity for wavelengths 
down to 190 nm.   
Two lower-wavelength pump beams were investigated as replacements for the 
Uniphase 106-1 continuous wave 632.8 nm HeNe laser used for Si studies. 
The first was a Aixiz Rkcstr Blu-Ray 405nm 120mA laser module 
(www.hightechdealz.com).  A potentiometer and ammeter were placed in series with the 
voltage fed to the laser driver.  The current was adjusted by using a “trimmer” mounted on 
the driver assembly.  The laser was calibrated such that 34 mA = 10 mW and 42 mA = 20 
mW. 
The second was a NSPU510CS UV LED from Nichia Corporation.  The LED was 
encased with a shroud fabricated from heat shrink wire casing.  This helped to give shape to 
the beam as well as reduce stray photon emission from the sides of the LED.  The circuit for 
operation of the UV LED is shown in Fig. 5.4(b).  The voltage delivered to the LED should 
be kept less than 4.5 V; the power supply should be operated with the current limit knob set 
to maximum.  The failure mechanism of the LED is that less UV output is obtained.  
However, the LED will continue to glow and the current draw will remain in the appropriate 
range (3 – 4 V).  An additional component, a fused silica plano-convex lens of focal length 
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300 mm (LUP-50.0-140.9) was added to the optical train when this probe beam was used.  
The lens converged the light of the LED into a beam of approximately 5 mm in diameter. 
 
5.3.2 Sample preparation and physical characterization 
Experiments were performed using TiO2 deposited by ALD onto either n-type 
Si(100) or glass slides as described previously.  In almost all cases, Si substrates were etched 
with 49% HF (1 min) following by rinsing with deionized water (1 min) immediately prior to 
insertion in the vacuum chamber to minimize native oxide formation at the TiO2/Si interface.  
Glass samples were degreased by successive 5 min rinsing cycles in electronic-grade 
trichloroethylene, acetone, and methanol.  Here, films were deposited at 400°C as well as 
200°C.  Film thickness was varied between 100 and 500 nm as needed by manipulation of 
number of ALD cycles.  Films deposited at 400°C are polycrystalline as synthesized and 
were not subjected to any post-deposition annealing.  Films deposited at 200°C were 
subjected to 24 hr annealing under ambient conditions at 550°C. 
As described in Chapters 3 and 4, TiO2 morphology was examined using a Hitachi 
Model S4800 SEM.  XRD and XRR patterns were obtained at room temperature with a high-
resolution Philips X’Pert diffractometer (λ = 0.15406 nm) operated at 45 kV and 40 mA with 
a Cu Kα1 primary x-ray beam from a hybrid monochromator consisting of a parabolic x-ray 
mirror and a 2-reflection Ge(220) monochromator (aka “X’Pert 1”).   
All samples were stored under ambient conditions (i.e., they were neither kept in the 
dark nor illuminated).  TiO2 on Si samples were rinsed with acetone immediately prior to 
mounting on the PR sample mount.  TiO2 on glass samples were cleaned in a similar fashion.  
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5.3.3 Photoreflectance data collection 
 PR measurements were all acquired at room temperature using the Nichia UV LED 
and LabVIEW “virtual instrument” (VI) shown in Fig. 5.5.  Wavelength was typically 
scanned over the range of 410 to 325 nm, or near the degenerate E1 and E0’ optical transitions 
of Si and the fundamental band edge of anatase TiO2.  The monochromator was stepped at a 
rate of either 0.15 or 0.3 nm/min.  
 
5.3.4 Photoreflectance data analysis 
Historically, a Visual Basic program has been used to analyze collected 
photoreflectance spectra [30].  Here, LabVIEW was used to create a VI for analyzing 
photoreflectance data.  The user interface of the VI can be seen in Fig. 5.6.  The complete 
LabVIEW VI code can be found in Appendix B.   
 In brief, the VI prompts the user to enter the sensitivity, start wavelength, and scan 
speed used for collection of the spectrum in question.  If data smoothing is desired, the “Data 
Smoothing” Boolean button can be selected.  The standard weighting fraction of 0.05 will 
typically result in smoothed data that resembles the original raw data.  Parameters can be 
extracted by selecting both the “Data Smoothing” and “Extract Parameters” Boolean buttons. 
 Once the software is run, data will be plotted on the “Unsmoothed PR Data” graph 
and “Data Smoothing” graph (if applicable).  If the “Extract Parameters” Boolean button was 
selected, a preliminary fit will be plotted on the “Parameter Fitting” graph.  Further 
refinement of fitting parameters can be performed by entering in a revised broadening 
parameter followed by selecting “Adjust Broad Fit.”  Subsequently, the phase factor can be 
tweaked by entering in a new phase factor and selecting the “Adjust Phase Fit” Boolean 
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button.  Lastly, the amplitude factor can be varied by entering in a new amplitude factor and 
selecting “Adjust Amp Fit.” 
At the conclusion of converting, smoothing, or fitting data, selecting the “Save Final 
Parameter Fit” Boolean button will save the pertinent data to file.  If you only chose to 
convert data, the file will contain values of wavelength in eV and 1000*ΔR/R.  If you chose 
to smooth the data, the file will also contain the smoothed 1000*ΔR/R values.  If you 
performed parameter fitting, the broadening parameter, amplitude factor, and phase factor 
will also be saved to file. 
 
5.4 Results and discussion 
5.4.1 Morphology and crystallinity 
TiO2 morphology and crystallinity for example 100 nm polycrystalline anatase films 
deposited at 200°C and 400°C are shown in Fig. 5.7.  As discussed in Chapter 3, the 200°C 
film comprises oblong agglomerates with distinguishable crystallite boundaries but no 
obvious cracks or voids (Fig. 5.7(a)).  In contrast, the 400°C film has high aspect ratio 
columnar rods ~20 nm in width with substantial spacing in between crystallites (Fig. 5.7 (b)).   
 The room temperature XRD spectra in Fig. 5.7(c) reveal that both films are 
polycrystalline anatase with slight preferential (101) orientation.  Peak intensity is reduced 
for the 400°C film.  Average crystallite size in the film growth direction changes 
significantly with deposition temperature.  Values of 39.2 ± 2.0 nm and 27.9 ± 1.5 nm are 
obtained for the 200°C and 400°C films, in that order.  Film strain was estimated by 
comparing the c-axis lattice constant to that of bulk anatase TiO2 (9.5139 Å).  The variation 
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was minimal (less than ± 0.3%) for the 200°C film, but approximately 1% for the 400°C 
film. 
 
5.4.2 TiO2 free surface 
 Fig. 5.8 shows room temperature PR spectra for polycrystalline anatase TiO2 
deposited on glass at 200°C (Fig. 5.8(a)) and 400°C (Fig. 5.8(b)).  The lack of spectral 
features indicates negligible band bending at the TiO2 free surface.  This suggests that the 
Fermi level at the interface and within the near-interface bulk coincide, resulting in little or 
no electric field at the interface [31].  A lack of electric field would reduce the 
photoreflectance signal to zero.  
The negligible surface electric field for both morphologies of polycrystalline anatase 
TiO2 on glass is attributed to passivation of dangling bonds by ambient contamination such 
as water or hydroxyl species.  Clearly, adsorbates affect surface band bending in a similar 
fashion regardless of variations in inter-crystallite spacing.  On rutile TiO2, H2O molecules 
aggregate into clusters due to the high surface tension of H2O arising from intermolecular 
hydrogen bonds [32].  This aggregation leads to a relaxation of free surface energy and 
stabilization of H2O adsorption states.  Intrinsic defects on the TiO2 surface also act as active 
sites for chemisorption and/or decomposition of O2, H2, and CO [33].  Hydrogen atoms and 
oxygen vacancies diffuse rapidly even at room temperature.  The latter act as chemisorption 
sites for H2 and CO and prevent bulk TiO2 properties from influencing the electrical potential 
at the free surface.  
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5.4.3 TiO2/Si interface 
 In contrast, PR spectra obtained for TiO2 on Si exhibit well-defined spectral features, 
the amplitudes of which decay gradually over time.  Figs. 5.9(a) and (b) display average PR 
spectra for ~500 nm thick 200°C and 400°C films where data is collected one day and seven 
days after deposition and post-annealing (200°C sample only).  At the one day mark, a clear 
spectral feature attributed to TiO2 is noted in the 3.05 to 3.10 eV range.  The amplitude of the 
PR signal decreases noticeably with time to roughly one third its original value.  There is no 
evidence of a contribution from the underlying Si substrate, which would manifest as a signal 
at approximately 3.4 eV.   
For extended time scales (~1 year), even thinner ~100 nm TiO2 films exhibit a weak 
feature at comparable energy (Fig. 5.10).  Note the substantial difference in y-axis ΔR/R 
scale. 
For polycrystalline anatase TiO2 deposited on Si by ALD, electric fields at the TiO2-
Si interface lead to non-negligible band bending in the vicinity of the E0 optical transition for 
TiO2.  Alternative experimental techniques support this observation.  Wei and co-workers 
performed transient photovoltage measurements of nanoporous TiO2 films on fluorine-doped 
tin oxide (FTO) electrodes and semitransparent platinum substrates [34].  A thick layer of 
TiO2 (15,000 nm) was prepared by sol-gel and annealed at 450°C to induce crystallization.  
At the interface between the TiO2 film and the substrate, separation and transport of photo-
induced charge carriers was controlled by a built-in electric field, the magnitude of which 
varied with the work function of the FTO vs. Pt substrate.  Rothschild et al. used surface 
photovoltage spectroscopy to study ~200 nm TiO2 on Si(100) subjected to 24 heat treatment 
in reducing (~7.5 x 10-8 Torr, 450°C) or oxidizing environment (atmosphere, 400°C) [35].  
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They noted surface and intergranular interface band bending in both cases; the degree of 
band bending was enhanced for the oxidized film.  This behavior was attributed to the 
chemisorption of charged oxygen atoms during the atmospheric pressure annealing process.  
According to the authors, states at the crystallite surfaces as well as intergranular interfaces 
(i.e., grain boundaries) capture conduction band electrons, producing depletion layers in the 
adjacent regions and altering surface and intergranular potential barriers. 
 In this study, the reduction in TiO2 PR signal amplitude suggests a decrease in 
interfacial electric field over time.  The decay is independent of film microstructure; films 
deposited at 200°C and 400°C exhibit the same behavior.  There are two possible 
explanations for this:  
1) Change in bulk donor carrier concentration over time 
2) Slow interfacial reaction leading to a change in interface band bending 
These options will be evaluated in the context of the available TiO2 physical and electrical 
characterization data. 
 As discussed at length in Chapter 3, the donor carrier concentration of polycrystalline 
TiO2 changes with time for samples exposed to moderate illumination.  After one week of 
illumination, Nd became relatively independent of film thickness and converged to ~1.2 x 
1017 cm-3.  This was attributed to a change in charge trapped at grain boundary defects or the 
creation of surface states capable of pinning the Fermi level.  In either of these scenarios, 
illumination intensity should influence the rate of carrier concentration change.  Indeed, 
preliminary studies suggest that Nd varies with time even for samples stored under ambient 
conditions.  In the context of the experimentally determined PR spectra, a reduction in Nd 
138 
 
would cause a widening of the space charge region and reduction in interface electric field 
even with constant band bending. 
 Alternatively, the reduction in PR signal over time could arise due to a slow chemical 
reaction at the anatase TiO2-Si interface causing a decrease in band bending.  If this were the 
case, one would expect to see an enhancement of Si spectral contribution.  Indeed, Fig. 5.11 
shows that the TiO2 film is thin enough to observe a Si signal under some configurations.  A 
small Si feature (Fig. 5.11(a)) is discernable for ~175 nm polycrystalline anatase on TiO2 
(200°C) on Si when native oxide is left on the Si surface prior to TiO2 deposition.  A 
substantial Si feature (Fig. 5.11(b)) is identified for ~450 nm amorphous TiO2 (200°C, no 
annealing) on Si, also without HF etching prior to film deposition.  Two conclusions can be 
gleaned from this data.  First, despite the subtle differences in film preparation method, there 
is every reason to believe that the UV LED is capable of generating a Si signal.  No such 
signal is identifiable in Fig. 5.9, regardless of deposition temperature and measurement 
acquisition interval.  Second, failure to remove native SiO2 at the Si substrate surface prior to 
TiO2 deposition actually increases the degree of band bending at the interface. 
 By extension, it is more likely that a slow chemical reaction at the TiO2-Si interface 
would lead to increased oxide formation and thus increased band bending.   The TiO2-Si 
interface for CVD films deposited at 300°C and 400°C consists of an interlayer on the order 
of 2 nm thick comprising SiOx and TiSiOx [36].  High-resolution transmission electron 
microscopy images reveal a sharp boundary between the TiO2 and the interlayer.  A similar 
interlayer should exist for the films deposited at 200°C and 400°C in this study.  If anything, 
post-deposition annealing should lead to the formation of additional SiO2 at the TiO2-Si 
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interface [37].  The decrease in PR signal observed here is uninfluenced by post-deposition 
annealing, however.  
 Additional transient time scales are identified in TiO2 PR spectra.  The individual 
photoreflectance scans contributing to the average presented in Fig. 5.9(b) (400°C, day 1) are 
shown in Fig. 5.12.  The four runs were collected sequentially over the course of about one 
hour.  Less than a minute passed in between the conclusion of one run and the 
commencement of another.  No adjustments were made to the UV LED or lock-in amplifier 
over the data collection period.  While the PR lineshape remains fairly constant from run-to 
run, it inverts in a fashion that suggests the optical signal is moving from in-phase with the 
reference phase to 90 degrees out of phase, to 180 degrees out of phase, etc.  Furthermore, 
there is modest evolution in the absolute magnitude of the signal over the ~10 minutes 
required to collect a single spectrum.  
 The first phenomenon can be explained in terms of charge exchange between defects 
and optically generated charges.  The spectral inversion implies a phase shift in the lock-in 
detection.  With knowledge of the chopping frequency, the time constant of this process can 
be estimated.  Since the chopping frequency is approximately 400 Hz, charge exchanges into 
defects at 1/400 Hz or about 2 ms. 
 The second phenomena, which manifests as a change in the absolute magnitude of the 
PR signal for intermediate time scales, may arise from either: 
1) A change in the relative contributions of two separate, but spectrally unresolved, 
surface state and bulk features or 
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2) Discharging of a surface state feature.  In this case, photostimulation is 
responsible for both the original charging of the surface state feature and the 
subsequent discharging of the same feature. 
Evidence to this effect stems from electroreflectance spectra of hydrogen peroxide 
terminated n-type GaAs(100) single crystal in solution [38].  Koper and co-workers 
identified two distinct contributions to their ER spectra: one having to do with field 
modulation in the space charge layer and the other a direct spectral manifestation of surface 
states.  Modulation frequency studies revealed that surface states could not keep up with 
modulation greater than 200 Hz; above this frequency, the direct surface state contribution to 
the ER spectrum disappeared.  To some degree, the broad surface state feature they observe 
sloping upward at ~2.0 eV resembles the broad feature in the TiO2 spectra of Fig. 5.9.  For 
the case of TiO2 examined with the present PR configuration, it may not be possible to 
deconvolve surface state features from bulk features. 
 
5.5 Conclusion 
The present work provides the first insights into time-dependent electric fields at 
polycrystalline TiO2 surfaces and interfaces using photoreflectance, a type of contactless 
modulation spectroscopy.  The implications of these electric fields are discussed as they 
pertain to TiO2-based electronic devices.  The lack of PR signal from TiO2 on glass suggests 
adsorbates present in the atmosphere may passivate dangling bonds at the free surface.  UHV 
experiments could be employed to examine the influence of absorbate coverage on electric 
fields at the TiO2 surface.  For TiO2 on Si, PR confirms the existence of a built-in electric 
field at the interface, albeit one that exhibits temporal variations that depend, in some cases, 
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on film microstructure.  Further studies should be undertaken to unravel the correlation 
between bulk electrical properties and electric field at the buried TiO2-Si interface.   
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Fig. 5.2 Series of raw PR spectra from Ar-implanted Si(100)-SiO2 annealed at 250°C for 
varying amounts of time [40].  
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Fig. 5.3 Schematic diagram of TiO2 photoreflectance apparatus. 
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Fig. 5.4 Circuit schematics for (a) Hamamatsu S1336-44BK photodiode and (b) 
NSPU510CS UV LED from Nichia Corporation showing method of integration into 
photoreflectance apparatus. 
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Fig. 5.5 User interface of the LabVIEW photoreflectance data collection VI. 
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Fig. 5.6 User interface of the LabVIEW photoreflectance data analysis VI. 
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Fig. 5.7 Cross-sectional SEM images of 100 nm TiO2 deposited at (a) 200°C with subsequent 
24 hr, 550°C anneal and (b) 400°C as well as (c) XRD data for the same 200°C and 400°C 
films. 
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Fig. 5.8 Averaged PR spectra for ~200 nm polycrystalline anatase TiO2 on glass deposited at 
(a) 200°C with subsequent 24 hr anneal at 550°C (Sample 102309.1, 5 mV) and (b) 400°C 
(Sample 102309.2, 2 mV). 
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Fig. 5.9 Averaged PR spectra for ~500 nm polycrystalline anatase TiO2 on Si(100) deposited 
at (a) 200°C with subsequent 24 hr anneal at 550°C (Sample 120409.6, 2 mV) and (b) 400°C 
(Sample 120709.5, 2 mV). 
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Fig. 5.10 Averaged PR spectra for ~100 nm polycrystalline anatase TiO2 on Si(100) 
deposited at 200°C with subsequent 24 hr anneal at 550°C many days after synthesis (Sample 
022310.2, 0.5 mV). 
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Fig. 5.11 Averaged PR spectra for (a) ~175 nm polycrystalline anatase TiO2 on Si(100) 
deposited at 200°C with subsequent 20 min anneal at 550°C (Sample 092310.3, 0.5 mV, no 
HF etching prior to deposition) and (b) ~450 nm amorphous TiO2 on Si(100) deposited at 
200°C with no subsequent annealing (Sample K147, 1 mV, no HF etching prior to 
deposition). 
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Fig. 5.12 Raw PR spectra for ~500 nm polycrystalline anatase TiO2 on Si(100) deposited at 
400°C (Sample 120709.5, 2 mV).  Runs were collected sequentially over the course of about 
one hour. 
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Chapter 6: Magnetic Properties of Mn-doped Anatase TiO2  
Synthesized by Atomic Layer Deposition* 
 
6.1 Abstract 
Mn-doped anatase TiO2 thin films were grown on Si(100) by atomic layer deposition 
(ALD).  The synthesis utilized Ti(OCH(CH3)2)4 and H2O as ALD precursors and Mn(DPM)3 
as a dopant source.  All ALD-synthesized films exhibited room temperature ferromagnetism 
(RTFM); the microstructure, density, and magnetic field-dependent magnetization of the 
TiO2 varied with the concentration of Mn and the film deposition temperature.  ALD permits 
precise composition and thickness control, and much higher process throughput, compared to 
alternative techniques for synthesis of RTFM thin films for spintronics applications.   
 
6.2 Introduction 
Metal oxide semiconductors exhibiting room temperature ferromagnetism (RTFM) 
have been investigated extensively for spintronics applications [1, 2].  Spintronics, or “spin 
transport electronics,” is a solid-state device technology that exploits not only the 
fundamental electronic charge of an electron, but also its intrinsic spin and associated 
magnetic moment.  Spin-based technologies are slated to have a profound impact on 
nanoelectronics, data storage, and computer architecture [3, 4].  The disadvantages associated 
with current computer chips are becoming more pronounced as transistor size decreases per 
Moore’s Law.  For instance, a fundamental minimum energy (and amount of time) is  
 
* Part of this work has been published: M.C.K. Sellers and E.G. Seebauer, “Structural and magnetic properties 
of Mn-doped anatase TiO2 films synthesized by atomic layer deposition,” Appl. Phys. A, doi: 10.1007/s00339-
011-6308-1 (2011). 
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required to switch a charge-based device on and off.  Also, as device length scales drop to a 
few nanometers, transistors will begin to leak electrons.  Manipulation of both charge and 
spin will allow for the fabrication of highly energy-efficient spin-based transistors capable of 
doing more computation than traditional transistors in a smaller space. 
A ferromagnetic material is one that exhibits parallel alignment of local magnetic 
moments resulting in a large net magnetization even in the absence of an applied magnetic 
field.  The local magnetic moments arise due to unpaired electron spins on individual atoms.  
Full control over the injection, transport, and detection of these spins is critical to the 
development of robust spin field-effect transistors (FETs) and spin metal-oxide-
semiconductor FETs [5].  Importantly, long-range ordering occurs below a critical 
temperature called the Curie temperature; the stronger the coupling between neighboring 
atoms, the higher the temperature.  This explains the interest in engineering materials that 
exhibit ferromagnetism at room temperature; a ferromagnetic semiconductor like Mn-doped 
GaAs with a Curie temperature of negative 120°C [6] is impractical for wide-scale use. 
Experimentally, magnetic behavior is investigated by applying a magnetic field H to a 
material and observing the corresponding change in magnetization M.  A ferromagnet has a 
characteristic M-H response, a schematic of which is shown in Fig. 6.1 [7].  As a DC 
magnetic field is applied to the sample, the magnetization increases up until a saturation 
point, Ms, is reached.  As the field is decreased again, the magnetization does not drop to its 
original value; this results in the hysteresis seen in the M-H data.  When H returns to zero, the 
material still exhibits a magnetization, referred to as the remanent magnetization, Mr.  In 
order to remove the remanent magnetization, a field has to be applied in the opposite 
direction to the initial applied field.  This field is called the coercive field, Hc.  The values of 
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Ms, Mr, and Hc are dependent upon the ferromagnet and the manner in which it is 
synthesized. 
One of the key challenges in the field of spintronics is identifying and engineering 
suitable device materials.  Of particular interest are diluted magnetic semiconductors 
(DMSs), which are nonmagnetic semiconductors such as TiO2, ZnO, AlN, or GaN modified 
by the addition of small atomic percentages of open-shell transition metal (TM) dopants.  Of 
these options, oxide semiconductors are particularly attractive from an industrial standpoint 
due to their wide bandgaps, relatively low cost of fabrication, and high carrier density [8].  
Indeed, RTFM has been reported for TiO2 doped with Cr [9], Mn [10], Fe [11], and Co [12].   
The origin of RTFM in TM-doped oxide semiconductors such as TiO2 has been an 
issue of contention for several years [13, 14].  Early studies understandably emphasized the 
correlation between the transition metal dopant and the observed ferromagnetic ordering 
[12].  Other trends soon became apparent, however.  The magnetization of 2.5 at% Mn-doped 
TiO2 synthesized via sol-gel method varies from anatase to rutile TiO2 [15].  A correlation 
between magnetic moment and film “quality” has been identified [16] wherein negligible 
ferromagnetism is observed in slow-grown (0.08 Å/sec) Mn-doped TiO2 synthesized via 
plasma-assisted molecular beam epitaxy (PAMBE).  The turning point in this debate was the 
observation of a small magnetic moment in TiO2 without extrinsic doping [13].   
RTFM in intrinsic TiO2 is presently attributed to native point defects [13, 16], grain 
boundaries [17], and dislocations [18].  Excess electrons associated with bulk oxygen 
vacancies convert Ti4+ atoms to Ti3+ atoms; a magnetic moment arises due to the unpaired 3d 
electrons localized on Ti3+ atoms.  Doping may enhance magnetism via the formation of 
charge-compensating oxygen vacancies or dopant-oxygen vacancy complexes.  
161 
 
Alternatively, doping may result in the creation of metal nano-inclusions or macro-scale 
segregation.  In the case of the latter, magnetic hysteresis may not be indicative of true 
ferromagnetism but rather the formation of magnetic secondary phases [2].  Especially in the 
case of Mn doping, the close coupling between ferromagnetism, film preparation conditions, 
and microstructure suggests opportunity for further optimization and control of TiO2 
magnetic properties via a precision synthesis method. 
Atomic layer deposition (ALD), a pulsed-precursor vapor phase deposition method 
related to chemical vapor deposition (CVD), is an attractive technique for the fabrication of 
thin films with precise thickness and compositional control on large-area substrates.  ALD of 
DMS TiO2 has never been demonstrated, although this method has been used to deposit Mn-
doped ZnO with DMS properties [19].  ALD avoids complications with solvent and 
byproduct removal and with calcination-induced shrinkage that arise during sol-gel synthesis.  
Other deposition techniques such as pulsed laser deposition (PLD) and PAMBE have been 
used to deposit Mn-doped TiO2 thin films [20, 21], but these methods are ill-suited to the 
high throughput requirements of commercial manufacturing.  In addition, PLD can result in 
significant particulate composition and uneven coverage, while PAMBE films suffer from 
thickness-dependent morphologies.  ALD avoids such problems.    
 
6.3 Methods and procedures 
6.3.1 Atomic layer deposition of Mn-doped TiO2 
Undoped and Mn-doped TiO2 films were deposited on Si(100) 2 cm x 2 cm in size 
via ALD using a low-pressure vapor phase deposition system.  Ti(OCH(CH3)2)4 (TTIP, 
Strem Chemicals Inc., 98%), H2O (deionized), and Mn(DPM)3 (DPM = 2,2,6,6-tetramethyl-
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3, 5-heptanedionato, Strem Chemicals Inc., 99%) were used as the source materials for Ti, O, 
and Mn, respectively.  TTIP and H2O were placed in glass bubbling vessels and heated to 
65°C and 23°C, in that order.  60 SCCM of N2 carrier gas (SJ Smith, 99.999%) was used to 
introduce each precursor into the reactor. The total pressure in the chamber was 400 mTorr.  
The temperature of the Si substrate during deposition was maintained at either 200°C or 
400°C via resistive heating and was monitored with a chromel-alumel (type K) 
thermocouple.  Mn(DPM)3 was evaporated from a porous filter enclosure suspended from the 
TTIP/H2O delivery tube within the vacuum chamber.  The supply rate of the Mn source was 
controlled by changing the distance between the filter enclosure and the resistively heated 
substrate platform.  A full ALD cycle consisted of a TTIP pulse (8 sec), N2 purge (10 sec), 
H2O pulse (8 sec), and another N2 purge (10 sec).  At 200°C, undoped and Mn-doped TiO2 
were deposited with a total of 27 and 39 cycles in order to obtain films 100 nm thick.  At 
400°C, only 12 cycles were required to deposit 200 nm thick films.  Following deposition, 
films synthesized at 200°C were annealed under an ambient atmosphere at 550°C for 24 hrs.  
Those synthesized at 400°C were not annealed. 
 
6.3.2 Physical characterization 
As described previously, film thickness was measured using a Rudolph Technologies 
AutoEL III single wavelength ellipsometer.  X-ray photoelectron spectroscopy (XPS) data 
were obtained with a Kratos AXIS Ultra utilizing a pass energy of 40 eV, with excitation by 
monochromatized Al Kα radiation.  TiO2 morphology was examined using a Hitachi Model 
S4800 scanning electron microscope (SEM).  X-ray diffraction (XRD) and x-ray reflectivity 
(XRR) patterns were obtained at room temperature with a high-resolution Philips X’Pert 
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diffractometer (λ = 0.15406 nm) operated at 45 kV and 40 mA with a Cu Kα1 primary x-ray 
beam from a hybrid monochromator consisting of a parabolic x-ray mirror and a 2-reflection 
Ge(220) monochromator.  The secondary optics consisted of a high-speed PIXcel line 
detector using 255 channels.   
 
6.3.3 Magnetic characterization 
The room temperature magnetic properties of the films were measured at Argonne 
National Laboratory Center for Nanoscale Materials using a Quantum Design Magnetic 
Property Measurement System Model MPMS-XL.  The modular MPMS design integrates a 
7T Superconducting Quantum Interference Device (SQUID) detection system, a precision 
temperature control unit residing in the bore of a high-field superconducting magnet, and a 
computer operating system.  The MPMS-XL is equipped with a reciprocating sample 
measurement option (RSO) in addition to the standard DC measurement option.  RSO 
measurements are performed using a servo motor that rapidly oscillates the sample within the 
SQUID pickup coils; DC measurements entail the sample moving through the coils in 
discrete steps.  The RSO allows for faster data acquisition and enhanced sensitivity. 
Undoped and Mn-doped TiO2 on Si(100) samples were cleaved into small fragments 
approximately 0.25 cm2 in area for insertion in the SQUID sample space.  There are several 
methods for affixing samples to the sample rod (straw, gelatin capsule, thread).  Here, a clear 
plastic drinking straw was used to attach each sample.  This method was selected to minimize 
the background signal and keep the sample firmly in place throughout the measurement 
sequence.  A 8” long clear plastic drinking straw was slit from end-to-end.  The TiO2 sample 
was placed in the middle of the unfurled straw and wrapped tightly.  This straw-enshrouded 
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sample was then slid into an unaltered straw, taking care to ensure that the sample was 
centered in the middle of the straw assembly.  The lower end of the straw was sealed with a 
small piece of kapton tape, while the upper end was securely attached to the sample rod 
spacer.  Using this geometry, the magnetic field was applied parallel to the film plane. 
The MPMS-XL is controlled with the MPMS MultiVu application distributed by 
Quantum Design.  The interface is used for sample insertion/removal as well as data 
acquisition.  After each sample was inserted into the sample space, it was centered in the 
SQUID pickup coils to ensure that all four coils sensed the magnetic moment of the sample.  
This was accomplished by ramping the field up to 500 Oe and initiating an AC centering 
scan.  The sample position was adjusted based on the outcome of the centering scan and 
confirmed by performing a repeat scan. 
MPMS MultiVu was used to write a program sequence for M-H data acquisition over 
the range of -10 kOe to 10 kOe.  The program code is shown in Fig. 6.2.  Important features 
include:  
1) 5 sec pause at the beginning of the sequence to confirm that the sample 
temperature is stable at 300K 
2) 6 sec pause after each change in the applied field to confirm that the applied field 
is stable before measurements are taken 
3) Four measurements at each value of applied field with a measurement rejection 
criteria in place (reject measurements that are greater than two standard deviations 
from the mean) 
4) Smaller field increments in the range -2000 Oe < H < 2000 Oe to obtain better 
definition in the  key regions of the hysteresis curve 
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Voltage readings taken as a function of the sample’s position in the coils comprise the raw 
measurement data.  Scan averaging is performed to improve the measurement resolution and 
prevent erroneous contributions to the data. 
  
6.4 Results and discussion 
6.4.1 Film thickness 
Fig. 6.3 shows an example of the dependence of average film thickness on the 
number of ALD growth cycles.  For both undoped and Mn-doped TiO2, film thickness 
increases linearly with number of cycles, with the slope yielding the growth rate.  At 200°C 
deposition temperature, the growth rate is noticeably higher for undoped TiO2 (3.7 nm/cycle) 
versus Mn-doped TiO2 (2.4 nm/cycle).  This is attributed to a change in the gas velocity 
profile when the porous filter enclosure is affixed to the delivery tube and a reduction in the 
number of sites available for Ti, O precursor adsorption due to adsorption of Mn species.  At 
400°C deposition temperature, the growth rate is comparable for undoped and Mn-doped 
TiO2 (8.4 nm/cycle). 
The error bars in Fig. 6.3 represent the standard deviation of the measurements at five 
points on each specimen, and indicate the uniformity of the film thickness.  For points 
sampled at a radial distance of 0.5 cm from the specimen center, the standard deviation is 
typically less than 1.0 nm (where the accuracy limit of the ellipsometer is about ± 0.3 nm).  
The ALD method results in significantly more uniform TiO2 films than comparable films 
synthesized by CVD with TTIP as a precursor [22]. 
 
 
166 
 
6.4.2 Chemical composition 
XPS confirmed introduction of Mn into the films and provided an estimate of surface 
elemental composition.  Mn doping levels in the range 1 – 3 at% are obtained by varying the 
supply rate of the Mn source during film deposition.  Ti 2p, O 1s, and Mn 2p peak positions, 
as well as estimated chemical compositions, are summarized in Table 6.1. 
As shown in Fig. 6.4(a), no Mn 2p features are found in the 660 to 635 eV binding 
energy (BE) range for undoped TiO2 films.  In Figs. 6.4(b) and (c) for Mn-doped TiO2 
deposited at 200°C and 400°C, the peaks at ~641.5 eV and ~653.4 eV correspond to the Mn 
2p3/2 and 2p1/2 core-levels, respectively.  As with similar films synthesized via PAMBE [23], 
the satellite structure observed at a BE ~5 eV higher than the 2p3/2 peak suggests the presence 
of divalent Mn ions.  The Mn 2p3/2 binding energy values themselves indicate that Mn may 
also be present as Mn3+; a similar mixture of Mn2+ and Mn3+ ions has been proposed for Mn-
doped TiO2 fabricated via sol-gel processing [24]. 
Fig. 6.5 provides example XPS spectra for the Ti 2p core-levels at both deposition 
temperatures.  In Fig. 6.5(a), the Ti 2p3/2 and Ti 2p1/2 peaks are situated at 458.6 and 464.3 eV 
for the undoped film and 458.3 and 464.0 eV for the 2.4 at% Mn film, all respectively.  For 
films deposited at 400°C (Fig. 6.5(b)), the Ti 2p3/2 and Ti 2p1/2 peaks also shift ~0.4 eV 
towards lower BE.  A comparable shift in the Ti 2p peaks occurs for all ~1 at% Mn samples 
(not shown).  The change in BE of the Ti 2p peaks relative to those of metallic Ti and 5.7 eV 
line separation between Ti 2p3/2 and Ti 2p1/2 indicates that Ti atoms are in the +4 oxidation 
state [25].  The shift towards lower BE and slight peak broadening in the Mn-doped films is 
caused by Ti4+ ions releasing extra electrons to reestablish charge equilibrium following 
dopant incorporation [26].   
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6.4.3 Morphology and crystallinity 
Fig. 6.6 shows cross-sectional SEM micrographs of undoped and Mn-doped TiO2 as 
deposited.  The underlying Si substrate can be distinguished by slightly darker coloration.  
The micrographs show that the undoped TiO2 film deposited at 200°C (Fig. 6.6(a)) is densely 
packed with extremely small granular features on the order of 5 nm and minimal spacing 
between cross-sectional texturing.  In contrast, the Mn-doped TiO2 film deposited at 200°C 
(Fig. 6.6(b)) is composed of easily identifiable, round crystallites with an average size of ~20 
to 40 nm.  Doping clearly increases the number of visible grain boundaries and induces slight 
surface roughening.  The morphology of the undoped TiO2 film deposited at 400°C (Fig. 
6.6(c)) comprises high aspect ratio columnar rods ~20 nm in width with substantial spacing 
in between crystallites.  At 400°C, Mn doping leads to degradation of the high aspect ratio 
rods (Fig. 6.6(d)).  The crystallites still appear vaguely columnar, but increase in width to 
~40 nm; the visible void fraction is reduced and the columns merge together in the lateral 
direction. 
Undoped TiO2 films synthesized by alternative methods vary widely in morphology.  
Sol-gel films annealed at 500°C possess ~50 to 150 nm diameter grains with nontrivial 
intergrain spacing and crystallite shapes that depend on the acidity/basicity of the precursor 
solution [27].  PAMBE and PLD result in crystallites having much higher aspect ratios and 
average diameters [28] as well as visible grain boundaries [29] that depend strongly on 
oxygen partial pressure during growth.  Nb-doped TiO2 films prepared by the sol-gel method 
[30] resemble the Mn-doped TiO2 deposited at 200°C with respect to crystallite shape and 
size; there is no basis for comparison in the Mn-doped TiO2 literature, as micrographs have 
not been reported. 
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Fig. 6.7 shows XRD patterns for undoped and Mn-doped TiO2.  Regardless of 
deposition temperature and doping level, the films are polycrystalline anatase with slight 
preferential (101) orientation (JCPDS card No. 21-1272).  In this regard, they are similar in 
structure to those fabricated by sol-gel spin coating [31],  as opposed to those grown by PLD 
[20] and PAMBE [23], which show a single anatase phase highly oriented toward the (004) 
plane.  Average crystallite size in the film growth direction changes significantly with doping 
at 200°C: values of 39.2 ± 2.0, 27.6 ± 1.9, and 22.3 ± 0.7 nm are obtained for the 0, 1.2, and 
2.4 at% Mn samples from analysis of XRD peak profiles using a size-only fitting model.  In 
contrast, crystallite size remains fairly constant in Mn-doped films deposited at 400°C: 
values of 27.9 ± 1.5, 28.4 ± 1.7, and 26.4 ± 2.0 nm are determined for the 0, 1.4, and 2.7 at% 
Mn samples.  The dependence of average crystallite size on deposition temperature and 
doping level is shown graphically in Fig. 6.8(a). 
XRR data were collected to evaluate roughness and obtain values of film density (Fig. 
6.9).  The spectrum for the undoped film deposited at 200°C exhibits interference fringes as 
expected from a well-defined multilayer stack.  The fringes diminish in amplitude with 
doping, confirming increased interface roughness.  XRR fitting indicates the undoped, 1.2, 
and 2.4 at% 200°C Mn-doped films have densities of 3.99 ± 0.20 g/cm3, 3.85 ± 0.19 g/cm3, 
4.09 ± 0.20 g/cm3, in that order.  In contrast, the spectrum of the undoped film deposited at 
400°C exhibits minimal interference fringes.  This is consistent with the SEM shown in Fig. 
6.6(c); the columnar rods result in substantial surface roughness.  At 400°C, the addition of 
Mn causes the XRR interference fringes to increase in amplitude.  Indeed, the micrograph in 
Fig. 6.6(d) confirms that doping at 400°C results in a smoothening of the film surface.  The 
undoped, 1.4, and 2.7 at% 400°C Mn-doped films have densities of 2.8 ± 0.14 g/cm3, 3.34 ± 
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0.17 g/cm3, 3.95 ± 0.20 g/cm3, respectively.  All bulk density values are presented in Fig. 
6.8(b) as a function of deposition temperature and doping level.  For comparison, the bulk 
density of single crystal anatase is 3.89 g/cm3.   
 
6.4.4 Magnetic properties 
Fig. 6.10(a) shows raw magnetization data for undoped TiO2 as a function of 
magnetic field at 300K.  The data has a diamagnetic background due to the Si substrate, 
which is expressed as a negative slope superimposed on the signal arising from the TiO2.  
The contribution of the Si can be subtracted to obtain the response of the TiO2 film alone [7].  
This was accomplished by fitting the high field (above 8 kOe) part of the curve to a straight 
line, calculating the slope, and then subtracting a line with this slope from the raw data.  The 
corrected data are shown in Fig. 6.10(b).   
Regardless of deposition temperature, the M-H loops exhibit clear hysteresis with 
coercive fields of 56 Oe (200°C) and 50 Oe (400°C).  This confirms a room temperature 
ferromagnetic characteristic that has been noted previously for undoped TiO2 [13].  The 
saturation magnetization is 3.1 emu/cm3 for the 200°C TiO2 and 3.8 emu/cm3 for the 400°C 
TiO2.  Despite the substantial differences in TiO2 morphology and crystallinity as a function 
of deposition temperature, there is little variation in the experimentally determined values of 
Hc and Ms.  This is surprising, since the magnetic properties of many thin films, including 
ZnO [32], depend on the temperature at which they are deposited.  
Corrected M-H loops for the Mn-doped TiO2 samples are seen in Fig. 6.11(a).  Mn-
doping leads to a slight and substantial increase in the saturation magnetization of TiO2 
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deposited at 200°C and 400°C, in that order.  Table 6.2 summarizes the magnetic properties 
of Mn-doped TiO2 as well as undoped TiO2. 
At 200°C, Ms grows to 3.0 emu/cm3 (0.3 µB/Mn atom) and 5.7 emu/cm3 (0.3 µB/Mn 
atom) for 1.2 and 2.4 at% Mn-doped TiO2, respectively, suggesting that doping over ~2 at% 
Mn leads to a slight enhancement in RTFM.  As seen in Fig. 6.11(b), Hc remains almost 
constant with doping: 48 Oe and 54 Oe for 1.2 at% and 2.4 at% Mn.  These values of Hc and 
Ms agree closely with values obtained for Mn-doped TiO2 films synthesized via both sol-gel 
processing [31] and PAMBE [23].   
On the other hand, at 400°C, Ms increases by almost an order of magnitude to 21 
emu/cm3 (2.1 µB/Mn atom) and 14 emu/cm3 (0.6 µB/Mn atom) for 1.4 and 2.7 at% Mn-doped 
TiO2.  Fig. 6.11(c) illustrates the corresponding increase in coercive field to ~100 Oe for both 
samples.  Note the decrease of the magnetic moment at high Mn concentration.  Similar 
behavior has been reported for MnxTi1-xO2 (x=0.02-0.2) rutile [10] and anatase [13] thin 
films grown on Al2O3 by PLD.  In rutile, this trend is attributed to an increased 
antiferromagnetic superexchange interaction between Mn moments at high (x = 0.12) doping 
levels.  In anatase, the negative influence of doping on ferromagnetic ordering for Mn 
content greater than 10 at% is assigned to the formation of secondary phases and/or 
precipitate clusters. 
Considering the available explanations for RTFM in doped oxide semiconductors, a 
number of insights can be gleaned on the origin of magnetic hysteresis in undoped and Mn-
doped TiO2 synthesized by ALD.  First, there is little evidence to suggest that “poor crystal 
quality” activates magnetic ordering [16].  Indeed, the claim that TiO2 deposited via PAMBE 
at a rate of 0.08 Å/sec has a “perfect” crystal structure with “few defects” is unsupported.  No 
171 
 
clear correlation is observed between the magnetic properties and crystallinity, bulk density, 
or roughness of the TiO2 synthesized in this study.  Second, is it unlikely that the saturation 
magnetization of the 400°C films is enhanced solely due to an increase in the concentration 
of grain boundaries [17].  In fact, average crystallite size remains fairly constant (~26 to 28 
nm) for films deposited at 400°C.  Lastly, it is important to point out that the enhanced 
magnetization is not temperature-induced, since the 200°C films are actually annealed at 
550°C for 24 hours.   
Consequently, enhanced magnetization in Mn-doped TiO2 synthesized by ALD 
entails interplay between Mn ions and native defects such as charged oxygen vacancies.  One 
potential mechanism involves the trapping of electrons by oxygen vacancies to form a 
ferromagnetic Mn3+-VO-Mn3+ group or magnetic polaron [33].  The concentration of native 
point defects and extended defects such as grain boundaries and dislocations is controlled by 
film synthesis parameters and post-treatment protocols.   It is predicted that further post-
treatment involving reduction or oxidation would shed additional light on the specific defects 
responsible for the observed enhancement in room temperature ferromagnetism. 
 
6.5 Conclusion 
In contrast to other thin film synthesis methods, ALD allows for precise tailoring of 
TiO2 microstructure via deposition temperature (crystallite shape and size) and deposition 
rate (defect concentration).  From a scientific perspective, such capabilities allow for further 
decoupling of defect- and dopant-induced contributions to ferromagnetism of DMS TiO2.  
Additional correlation between grain boundaries and magnetic behavior of Mn-doped TiO2 is 
necessary, with an aim towards optimization of DMS TiO2 for spintronics applications. 
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6.6 Tables and figures 
 
 
Table 6.1 Summary of XPS data for undoped and Mn-doped anatase TiO2 synthesized by 
ALD. 
 
Sample # → 020310.9 030310.4 022510.4 033110.4 050710.2 043010.5 
Description 0 at%, 200°C 
1.2 at%, 
200°C 
2.4 at%, 
200°C 
0 at%, 
400°C 
1.4 at%, 
400°C 
2.7 at%, 
400°C 
Ti 2p3/2 458.6 458.3 458.3 458.5 458.6 458.1 
Ti 2p1/2 464.3 464 464 464.2 464.3 463.8 
Δ Ti 2p 5.7 5.7 5.7 5.7 5.7 5.7 
       
O 1s (Lattice) 529.5 529.4 529.4 529.6 529.8 529.5 
O 1s (OH) 531.5 531.2 531.8 531.2 531.5 531.6 
       
Mn 2p3/2 - 641.2 641.3 - 641.4 641.6 
Mn 2p1/2 - 653.3 653.4 - 653.3 653.4 
Δ Mn 2p - 12.1 12.1 - 11.8 11.8 
       
At % Mn - 1.2 2.4 - 1.4 2.7 
 
 
 
 
 
 
 
 
 
 
 
173 
 
Table 6.2 Magnetic properties of undoped and Mn-doped anatase TiO2 synthesized by ALD. 
 
Sample # Description Ms (emu/cm3) Mr (emu/cm3) Hc (Oe) 
020310.10 0 at%, 200°C 3.1 0.4 56 
030310.4 1.2 at%, 200°C 3.0 0.4 48 
022510.4 2.4 at%, 200°C 5.7 0.6 55 
033110.1 0 at%, 400°C 3.8 0.1 50 
050710.2 1.4 at%, 400°C 21 5.5 101 
043010.5 2.7 at%, 400°C 13.8 3.4 102 
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Fig. 6.1 Example M-H hysteresis loop for a ferromagnetic material with saturation 
magnetization, remanent magnetization, and coercivity labeled as Ms, Mr, and Hc, 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
M 
H 
Mr 
Hc 
Ms 
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Fig. 6.2 MPMS MultiVu program sequence used for M-H data acquisition. 
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Fig. 6.3 TiO2 film thickness versus number of ALD cycles, where error bars represent the 
standard deviation of thickness at r = 0.5 cm from the center of each sample.   
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Fig. 6.4 XPS spectra of Mn 2p core-levels for (a) undoped TiO2, (b) 2.4 at% Mn-doped TiO2 
deposited at 200°C, and (c) 2.7 at% Mn-doped TiO2 deposited at 400°C. 
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Fig. 6.5 XPS spectra of Ti 2p core-levels for (a) undoped and Mn-doped TiO2 deposited at 
200°C and (b) undoped and Mn-doped TiO2 deposited at 400°C.  Both graphs illustrate the 
shift in the positions of the 2p peaks with Mn incorporation. 
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Fig. 6.6 SEM cross sections for ~100 nm thick (a) undoped and (b) Mn-doped TiO2 
deposited at 200°C and annealed at 550°C as well as (c) undoped and (d) Mn-doped TiO2 
deposited at 400°C. 
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Fig. 6.7 XRD patterns of undoped, ~1 at%, and ~2 at% Mn-doped TiO2 showing anatase 
structure and several crystalline orientations: (101), (112), (200), and (211). 
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Fig. 6.8 (a) Average crystallite size obtained from fitting of XRD patterns and (b) bulk 
density obtained from analysis of XRR data. 
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Fig. 6.9 XRR profiles for the same assortment of TiO2 films used for determination of bulk 
density and estimation of surface roughness. 
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Fig. 6.10 (a) Room temperature M-H loops of undoped TiO2 prior to background subtraction 
and (b) the same curves following background subtraction with inset showing region close to 
H = 0. 
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Fig. 6.11 (a) Room temperature M-H loops for ~1 at% and ~2 at% Mn-doped TiO2 deposited 
at 200°C and 400°C along with close-up views of the (b) 200°C and (c) 400°C data near to H 
= 0. 
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Appendix A: Supplementary C-V and Mott-Schottky Data for Undoped TiO2 
 
 
Table A.1 Summary of preparation and characterization parameters for undoped TiO2 
samples studied in Chapter 3. 
 
 
Sample 
Batch # 
Thickness 
(nm) 
Annealing 
Time (hrs) 
Exposure C-V Date Appendix 
Figure # 
120910 62 - 259 0.33 Dark 12/13/10 A.2 
120910b 62 - 259 0.33 Dark 12/20/10 A.3 
120910c 62 - 259 0.33 Dark 12/27/10 A.4 
120910d 62 - 259 0.33 Dark 1/12/11 A.5 
120510 ~ 100 0.33 - 24 Dark 12/8/10 A.6 
121410 ~ 100 0.33 - 24 Dark 12/17/10 A.7 
122110 65 - 251 24 Ambient 1/4/11 A.8 
122110D 65 - 251 24 Dark 1/6/11 A.9 
120910L 62 - 259 0.33 Lamp 12/20/10 A.10 
120910Lb 62 - 259 0.33 Lamp 12/27/10 A.11 
120910Lc 62 - 259 0.33 Lamp 1/12/11 A.12 
 
 
 
Fig. A.1 ICS measurement interface displaying example measurement parameters for I-V and 
C-V data collection. 
 
 
 
 
 
 
 
 
189 
 
Fig. A.2 Tdep = 200°C, Tanneal = 550°C for 20 min, dark, 12/13/10, “120910.” 
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Fig. A.3 Tdep = 200°C, Tanneal = 550°C for 20 min, dark, 12/20/10, “120910b.” 
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Fig. A.4 Tdep = 200°C, Tanneal = 550°C for 20 min, dark, 12/27/10, “120910c.” 
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Fig. A.5 Tdep = 200°C, Tanneal = 550°C for 20 min, dark, 1/12/11, “120910d.” 
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Fig. A.6 Tdep = 200°C, Tanneal = 550°C for 24 hours, ambient, 1/4/11, “122110.” 
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Fig. A.7 Tdep = 200°C, Tanneal = 550°C for 24 hours, dark, 1/6/11, “122110D.” 
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Fig. A.8 Tdep = 200°C, Tanneal = 550°C, t ~ 100 nm, dark, 12/8/10, “120510.” 
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Fig. A.9 Tdep = 200°C, Tanneal = 550°C, t ~ 100 nm, dark, 12/17/10, “121410.” 
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Fig. A.10 Tdep = 200°C, Tanneal = 550°C for 20 min, lamp, 12/20/10, “120910L.” 
 
 
198 
 
Fig. A.11 Tdep = 200°C, Tanneal = 550°C for 20 min, lamp, 12/27/10, “120910Lb.” 
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Fig. A.12 Tdep = 200°C, Tanneal = 550°C for 20 min, lamp, 1/11/11, “120910Lc.” 
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Appendix B: LabVIEW VIs for Photoreflectance 
 
This section contains the details of the LabVIEW “virtual instruments” (VIs) written to 
automate the photoreflectance apparatus and analyze raw photoreflectance data. 
 
Commands Written to Serial Port 
 
\s ' Establish communication with card 
P0\r 'Enter program mode <CR> 
Dx\r 'Divide step rate <CR> 
Iy\r 'Initial SPS <CR> 
Vz\r 'Slew speed SPS <CR> 
+ or - steps\r 'Increment or decrement by # of steps +20 or +0 depending on need to correct 
for hysteresis <CR> 
W0\r 'Wait while move command is performed <CR> 
- steps hysteresis\r 'Increment 20 steps if motor is originally stepped up from low wavelength 
to high wavelength or 0 steps if motor is originally stepped down from high wavelength to 
low wavelength <CR> 
P0\r 'Exit program mode <CR> 
G0\s1\r ' Execute program stored at location 0 <CR> 
\03 'Terminate communication to card 
 
• 0.25 second VISA delay command is inserted after every VISA write command in the 
stacked sequence structure. 
• Must concatenate sign of StepsInit and StepsScan with an integer value before 
sending the string to the serial port.  Sign value (i.e., positive or negative) depends on 
whether wavelength is being stepped up or down. 
• \03 (terminate string) cannot be written immediately after G0\s1\r (run program 
string) otherwise no motion will occur. 
• Write to file is achieved by calling VISA configure serial port outside of stepper 
motor control loop. 
 
Monochromator Parameter Calculations 
 
V = ScanStep 
I = ScanStep 
D = (15*I)/ScanSpeed + 3 
WaveDiff = Start WL – Current WL 
WaveDiffScan = Start WL – Stop WL 
StepsInit = WaveDiff*ScanStep 
StepsScan = WaveDiffScan*ScanStep 
TimeScan = (Start WL – Stop WL)/ScanSpeed+4 
TimeInit = abs[(Start WL – Stop WL)]/ScanSpeed 
 
• V and I are 2 steps/sec for full steps and 4 steps/sec for half steps 
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Table B.1 Program commands for AMS mSTEP-403 stepper motor controller. 
 
ASCII Description ASCII Description 
^C Software reset J Jump 
^N Name controller K Ramp slope 
^P Party line mode L Loop on port 
ESC Abort/terminate M Move with ramping 
+ CW Index O Set origin 
- CCW Index P Program mode 
@ Soft stop Q Query program 
[ Read NV memory R Index to position 
] Read limits S Store parameters 
\ Write to NV memory T Trip point 
^ Read moving bit V Slew speed 
A Read/write user ports W Wait 
C Erase memory X Examine parameters 
D Divide steps Z Display position 
E Settle display g Branch to location 
F Find home h Microstep count 
G Go i Special trip 
H Set resolution j Jump 1 
I Initial velocity k Special trip 
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Fig. B.1 First execution of LabVIEW PR data collection VI sequence structure. 
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Fig. B.2 Second execution of LabVIEW PR data collection VI sequence structure. 
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Fig. B.3 Third execution of LabVIEW PR data collection VI sequence structure. 
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Fig. B.4 Left hand side of stepper motor control “for” loop containing “reset” and 
“inititialize” case structures as well as monochromator parameter calculations and variable 
assignments.  Also, LabVIEW PR data collection VI. 
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Fig. B.5 Right hand side of stepper motor control “for” loop containing “scan” case structure 
and “exit” sequence structure.  Also, LabVIEW PR data collection VI. 
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Fig. B.6 In LabVIEW VI for PR spectrum analysis, routine for conversion of raw PR data 
from seconds, ΔR, and R to wavelength (in eV) and ΔR/R. 
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Fig. B.7 Data smoothing sequence structure in PR spectrum analysis VI. 
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Fig. B.8 Top half of parameter estimation sequence structure in PR spectrum analysis VI. 
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Fig. B.9 Bottom half of parameter estimation sequence structure in PR spectrum analysis VI. 
 
 
211 
 
Fig. B.10 Sequence in PR spectrum analysis VI for generation and refinement of ΔR/R curve 
fit based on user inputs for broadening factor, amplitude factor, and phase factor. 
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Fig. B.11 Final sequence structure in PR spectrum analysis VI comprising commands for 
collating and saving converted PR data, smoothed PR data, generated curve fit, and best-fit 
parameters, where applicable. 
 

